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ABSTRACT 

Two c r y s t a l  growth processes being considered fo r  Spacelab 

experiments were studied i n  t h i s  program i n  order t o  pennit an t i c i -  

pation and understanding of phenomena not ordinar i ly  encountered 

on earth. Computer calculat ions were performed on t ranspor t  pro- 

cesses i n  f loa t ing  zone melting and on growth of a c r y s t a l  from 

solut ion i n  a spacecraft environment. Experiments intended t o  

simulate solut ion growth a t  micro accelerat ions were performed. 

Surface-tension driven convection was found t o  be-vigorous 

i n  f loa t ing  zone melting of s i l icon.  I t  is r e l a t i v e l y  unaffected by 

zone movement and by buoyancy e f fec t s  even a t  e a r t h ' s  gravity. With 

very ef fec t ive  heat  shielding, a laminar c e l l  resembling a smoke r ing  

is s e t  up i n  the top half of the  zone, and another i n  the  lower ha l f .  

Mass t r ans fe r  is slow between these ce l l s .  It i s  a l s o  less ef fec t ive  

I along the  center of the  zone than a t  the  p r i p h e r y ,  leading t o  a 

s igni f icant  r ad ia l  var ia t ion  i n  composition i n  the  resul t ing  c rys ta l ,  

unless very low growth r a t e s  a re  employed. Less ef fec t ive  heat 

shielding would produce secondary c e l l s  i n  the melt. These would 

probably become osc i l l a to ry  and cause compositional s t r i a t i o n s  p a r a l l e l  



t o  the  growth interface.  Without heat  shielding the  convection would 

almost cer ta in ly  be turbulent,  Turbulence would r e s u l t  i n  a f a i r l y  

uniform csmposition radia l ly ,  but would cause very f ine  compositional 

s t r i a t i o n s ,  probably on a sca le  too small t o  be detected by ordinary 

means. E lec t r i ca l  and op t i ca l  propert ies  would prebably be degraded, 

however. I n  good thermal conductors, the  surface driven convection 

has only a small e f f e c t  on heat  t ransfer .  I n  poor thermal conductors, 

the  influence is  large.  A s  a consequence, one might expect a twitch- 

ing o r  osc i l l a to ry  convection a t  the  melt surface when a poor con- 

ductor is  heated by radiat ion along the  e n t i r e  melt. 

Both our t rans ient  numerical calculat ions and previous steady 

s t a t e  theory predic t  t h a t  a vortex-like r ing  should be established 

about a suspended sphere slowly growing from a solut ion a t  law g. 

However our low g simulation experiments produce a stream which 

separstes from the  sphere and meanders about the  solut ion,  only slowly 

mixing in. The solut ion soon became very inhomogeneous. The con- 

vection was insens i t ive  t o  mechanical perturbations. These r e s u l t s  

a r e  t o  be contrasted with the  usual solution-growth system i n  which 

the solut ion densi ty depends strongly on composition. The stream 

which separates from the  c r y s t a l  i n  t h i s  case rapidly mixes with the 

bulk solution. Small mechanical perturbations produce "explosionst' 

i n  t h i s  convection--a sudden increase i n  convection, with turbulent  

eddies, which then decrease again t o  steady s t a t e .  Perhaps the  most 

encouraging r e s u l t  was that inclusion-free faceted cyr s t a l s  were pro- 

duced under simulated low g conditions. 



Two papers on t h i s  work were del ivered a t  t h e  May 17 San Diego 

meeting of t h e  Western Section of t h e  American Association of  Crys ta l  

Growth. A t a l k  on t h e  f l o a t i n g  zone s tud ie s  was given a t  t h e  June 

1974 meeting of t he  American I n s t i t u t e  of Chemical Engineers i n  

Pittsburgh. One paper (J. Crys ta l  Growth 21 (1974) 182) was published - 
and th ree  o the r s  a r e  i n  preparation. 
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SUMMARY 

Surface-tension driven convection i n  f loa t ing  zone melting 

was studied by computer solution of the  p a r t i a l  d i f f e r e n t i a l  equa- 

t ions  f o r  steady-state momentum, heat and mbs3 t ransfer .  F in i t e  

difference methods were employe?. Two s i tua t ions  were investigated- 

a par&olic temperature p ro f i l e  along the  melt surface, a s  might 

r e s u l t  from radiant  heating; and a l i n e  heat source a s  with electron 

beam h!.ating. Although t h ~  calculat ions were performed usitig 

%tensionless p a r a ~ e t e r s ,  the  conclusions be?ow are  expressed i n  

cerms of a 1 cm diameter x 1 cm long molten zone of s i l l -on ,  except 

where noted. 

1. The flow pat terns  fo r  both methods of heating a re  s imilar ,  

but with radiant  heating the  highest f l u i ?  ve loc i t i e s  a re  a t  the melt 

periphery near the  c rys ta l  in ter face ,  and with electron beam heating 

producing the  highest ve loc i t i e s  near the  middle of the  zone. 

2. For a temperature difference of 0 . 0 0 5 ~ ~  between the in ter -  

Zace and the middle of the zone a t  the  periphery, a s ingle  r o l l  c e l l  

is  formed i n  the top half of the zone, with i ts  mirror image i n  the 

bottom half.  The maximum melt veloci ty is  about 3 crn/min. Such a 

small temperature difference could only be prodwed by use of very 
I 

effec t ive  heat  shields o r  after-heaters.  

3. A t  about 0.1'~ temperature differencz,  secondary c e l l s  a re  

produced. Although our steady s t a t e  calculations could not ehow it, 

w e  suspect tha t  the flow would become osc i l la tory  and eventually 



turbulent a s  t h i s  temperature difference is increased ( t y  reducing the 

heat shielding) . 
4. For good thermal conduce.ors such a s  silicor.; the f l u i d  

motion has l i t t l e  influence on heat t r ans fe r  and in ter face  position. 

The reverse is  t rue  f o r  poor conductors. 

5. Normal zone t r ave l  r a t e s  have l i t t l e  influence on the  

surface-driven flow. For example, with a temperarure difference of 

0 . 0 0 5 ~ ~ ~  a zone t r ave l  r a t e  of 10 cm/hour noticeably perturbs the 

streamlines only i n  the v ic in i ty  of the  solid-liquid intarfaces.  

6. A t  small temperature gradients,  the ~ r i m a r y  resistance t o  

mass t ransfer  is i n  the middle of the zone, unlike boundary layer  

flow i n  which the mass t ransfer  resistance i s  concentrated near the  

solid-liquid interfaces.  

7. Significant r ad ia l  inhomogeneities i n  the resul t ing  

c rys ta l  would be expected when the  convection is re la t ive ly  slow. For 

example, a 10% rad ia l  variat ion would r e s u l t  from a zone t r ave l  r a t e  

of 1 on/hour, a d is t r ibut ion  coeff ic ient  of 0.1, and a temperature 

difference of 0 . 0 5 ~ ~  along the  melt surface. A t  4 cm/hour zone 

t ravel  r a t e  there would be a 40% impurity concentration gradient.  

8. Buoyancy-driven flow a t  ea r th ' s  gravity is  negligible com- 

pared t o  surface driven flow f o r  molten s i l icon.  
1 

9. The vigor of surface driven flow var ies  considerably from 

material t o  material,  increasing as  the  dependence of surface tension 

on temperature increases, as  density increases, and a s  the v iscos i ty  

of the melt decreases. Since temperature gradients generally increase 

x i i i  



as thermal conductivity decreases, one would a l s o  expect poor thermal 

conductors t o  have g rea te r  surface driven flow, o ther  propert ies  being 

equal. 

Theoretical predict ions f o r  solut ion growth a t  low accelerat ions 

are: 

1. The flow w i l l  not be of the  boundary-layer type. The 

perturbed region w i l l  extend i n t o  the  solut ion f o r  distances on the 

order of the  c rys ta l  s ize .  

2. Long times w i l l  be required fo r  convection t o  influence the  

mass t ransfer  and f o r  steady s t a t e  t o  be reached. 

Several solute-solvent systems have been found which have a 

density only weakly dependent on comi?osition. These a re  useful f o r  

simulation of low acceleration solut ion growth and dissolut ion because 

they y ie ld  Grashof ( G r )  numbers on ea r th  of  +,he same magnitude a s  f o r  

normal c r y s t a l  growth systems i n  a space laboratory. Optical and 

photographic techniques have been developed f o r  studying growth and 

dissolution. Preliminary experiments have revealed tha t :  

1. High qual i ty  c rys ta l s  can be grown from solut ion under low 

Grashof ( G r )  number conditions, as  exemplified by thymol growing from 

ethyl  carbonate solutions. 

2. A t  low G r  the stream formed during dissolut ion mixes much 

more slowly with the bulk solut ion than a t  high G r .  

3. The convective flow pat tern  a t  low G r  is  much l e s s  sens i t ive  

t o  perturbations than a t  high G r .  

xiv  



The calculat ional  portions of  t h i s  program have ended, pending 

additional funding. The experiments w i l l  continue with present funds 

u n t i l  December. 



This program consisted of three par ts :  

1. Computer calculat ions of surface tension driven flow i n  

f loa t ing  zone melting a t  zero g. 

2. Computer calculat ions of t r ans ien t  f r e e  convection about 

a suspended sphere a t  very low g. 

3. Experimental simulation of so lu t ion  c rys ta l  growth i n  a 

space environment. 

Pa r t  1 was i n i t i a t e d  i n  l a t e  June 1973, P a r t  2 i n  August 1973 and P a r t  

3 i n  December 1973. Without addit ional  funding, P a r t s  1 and 2 have 

ended. 

One of the  most promising space processing applicat ions is 

f loa t ing  zone melting. On ear th  the c r y s t a l  diameter t h a t  can be 

produced is limited by the s i z e  of  the  zone t h a t  can be supported by 

the  surface tension of the  melt i n  opposition t o  gravity.  I n  space 

any s i z e  could be produced. For many materials  the space vacuum could 

advantageously be u t i l i z e d  as  an environment f o r  the f l o a t  zoning. 

While the absence of ea r th ' s  gravity assures t h a t  buoyancy-driven f ree  
! 

convection w i l l  be negligible i n  space, one must not assume tha t  there  

w i l l  be no convection i n  the  zone. Since the temperature w i l l  vary 

along the gas-melt surface of the  zone, the surface tenhion w i l l  vary 

along the  surface of the  zone, normally increasing a s  one moves from 



t h e  center  toward the so l id .  This sur face  tension gradien t  w i l l  

develop a flow f i e l d ,  a s  the system t r i e s  t o  minimize its surface 

energy v i a  movement of t he  melt  surface from low surface tension 

regions t o  high surface tension regions. The quest ion is, how 

vigorous i s  t h i s  flow and what inf luence does it have on the c r y s t a l  

growth? One cannot do experiments on e a r t h  because of  in te r fe rence  

with buoyancy e f f ec t s .  Even i n  space only l imi ted  experiments could 

be done on opaque mater ia l s  such a s  s i l i c o n .  However, t he  governing 

d i f f e r e n t i a l  equations can be solved on e a r t h  t o  provide a f a i r l y  

complete p i c t u r e  of  surface-driven flow phenomenon. We have solved 

some oL t h e  i n t e r e s t i n g  problems here.  

Before beginning t h i s  program the re  was some concern on our 

p a r t  about t he  a d v i s a b i l i t y  of growing c r y s t a l s  from so lu t ion  i n  

space, because of t he  g r = ? t  tendency t o  occlude so lu t ion  during growth. 

However, our  experiments have shown t h a t  inclusion-free faceted c r y s t a l s  

:an be produced i n  a low-convection environment. Since there  w i l l  be 

some acce lera t ion  i n  Spacelab, f r e e  convection w i l l  not be completely 

absent. The convection w i l l  probably not  be s teady s t a t e ,  however, 

because of  the  long t r a n s i e n t s  predicted and the  va r i a t i on  i n  

a-pelerat ion i n  an orb i t i ng  laboratory. Our objec t ive  i s  t o  determine 

the  convection pa t t e rns  t o  be expected and t h e i r  inf luence on c r y s t a l  

growth phenomena. Both simulation experiments and t ranspor t  calcula- 

t i o n s  have been performed. Solut ions with a dens i ty  nearly independent 

of xmposi t ion a r e  required f o r  t he  experiments. 



Each of the following three sections of this report covers 

one of the parts described abova. These sections are independent 

Of one another so that it is not necessary to read one section in 

order to understand another. Possible future research i s  discussed 

in the final section. 



11. SURFACE TENSION DRIVEN FfiOW I N  FfiOA'l'ING 
ZONE MELTING AT ZEm G 

Defini t ion of Symbols 

a Radius of t he  molten zone, cm 

b Distance of the  top  surface o f  t h e  s o l i d  from the  
center  of t h e  zone, an 

c Spec i f i c  hea t ,  c a l / g O ~  
P 

C Dimensionless impurity concentration i n  t he  l i q u i d ,  
defined by m/mt 

cm+ Dimensionless impurity concentration i n  the  feed 
u b 

c r y s t a l ,  defined by m /m c t  t 

C Dimensionless impurity concentration i n  t h e  l i qu id  
i lb  a t  t h e  c r y s t a l l i z i n g  in t e r f ace ,  defined by m /m 

i , b  t 

Dimensionless impurity concentration i n  t h e  l i q u i d  
a t  t h e  melting in t e r f ace ,  def ined by m /m i,t t 

2 
Binary molecular d i f fus ion  coe f f i c i en t ,  cm /sec 

Acceleration, cm/sec 
2 

Ear th ' s  g r a v i t a t i o n a l  f i e l d ,  980 cm/sec 2 

Grashof number f o r  hea t  t r a n s f e r  (- r a t i o  of the  
temperature d i f fe rence  buoyancy force  t o  t h e  
viscous force)  defined by gB (T -T 1 a3/v2 

o m 

Grashof number f o r  mass t r a n s f e r  (- r a t i o  of the 
composition buoyancy force  t o  t he  viscous force)  
defined by g ~ a 3 / ~ 2  

In teger  denoting g r i d  s t a t i o n  i n  a x i a l  d i r ec t ion ,  
i = l , 2 , 3 ,  ... 
In teger  denoting g r id  s t a t i o n  i n  r a d i a l  d i r ec t ion ,  
j 1,2,3,  . . a  

0 Thennal conduct ivi ty ,  cal/cm sec  C 



I n t e r f a c i a l  d i s t r i b u t i o n  m e f f i c i e n t  ( r a t i o  of the  
impurity concentration i n  the c r y s t a l  t o  t h a t  i n  
t h e  l i q u i d  a t  the in te r face)  

One half of t h e  l i q u i d  zone length,  an 

Impurity concentration i n  l i qu id ,  3/cm 
3 

Inpur i ty  concentration the  feed s o l i d  would have 
i f  it were melted, g/cm3 

Impurity concentration i n  t h e  c r y s t a l ,  g/cm 3 

Impurity concentration i n  t he  feed c r y s t a l ,  g/cms 

Impurity concentration i n  t he  l i q u i d  a t  the c rys t a l -  
l i z i n g  in t e r f ace ,  g/cm3 

Impurity concentration i n  t he  l i q u i d  a t  the  melting 
in t e r f ace ,  g/cm3 

Dimensionless surface tension parameter a t  the  f r e e  
l i q u i d  surface (- r a t i o  of sur face  tens ion  force  t o  
viscous force)  defined by pU (To-Tm) a/p2 

Nusselt  number (dimensionless temperature grad ien t ,  
o r  r a t i o  of t o t a l  hea t  t ranspor t  t o  hea t  conduction) 
defined by 1 ae/az I + V a  - 

2 .  Dynamic pressure i n  f l u i d ,  dyne/cm , P-po 

S t a t i c  pressure i n  f l u i d ,  dyne/cn2, def ined by 
Pf9 (R'z) 

Total  pressure i n  f l u i d ,  dyne/cm 
2 

Prandtl  number, pC /k ( r a t i o  of  the  momentum d i f -  
f u s i v i t y  t o  t he  thgrmal d i f f u s i v i t y )  

Radial coordinate,  measured from the  center  of t he  
zone, cm 

Dimensionless r a d i a l  coordinate ,  measured from the 
cen te r  of t he  zone, r /a  

Dimensionless r a d i a l  d i s tance  between g r i d  poin ts ;  

Sc Schmidt number ( r a t i o  of the momentum d i f f u s i v i t y  
t o  the molecular d i f fus ion  coe f f i c i en t )  , p/pD 



Sh Sherwwd number (dimensionless concentration 
gradient) , defined by 1 I+&/, - 

T Temperature, OK 

To Tempera t~re~of  the middle of l iqu id  zone a t  the  
periphery, K 

0 

Tc Temperature of the surroundings, K 

0 

Tm I n t e r f a c i a l  temperature (melting point)  , K 

AT Ei ther  (To-T,) i f  9 is  defined by the  Equation (A- 
19) o r  (T,-T,) i f  0 is defined by the  Equation (A- 

31) t % 

vc Zone t r ave l  r a t e ,  cm/sec 

v Radial veloci ty component of the  f lu id ,  cm/sec r 

vz Axial veloci ty component of the  f l u i d ,  cm/sec 

vc Dimensionless zone t r a v e l  r a t e ,  v a / V  
C 

'r Dimensionless r ad ia l  veloci ty component of the  
f l u i d ,  vra/v 

vZ 
Dimensionless ax ia l  veloci ty component o f  the  
f l u i d ,  vZa/V 

vcf Dimensionless i n t e r f a c i a l  flow r a t e  Vc (P , /P~  

z Axial coordinate, measured from the  center  of the 
zone, an 

Z Dimensionless ax ia l  coordinate, measured from the 
center  of the  zone, z/a 

AZ Dimensionless ax ia l  distance between gr id  points  

a (ap/am) T , p / ~ ;  volume expansion coeff ic ient  due t o  a 
concentration change i n  f lu id ,  l/ (g/cm3) 

8 ( a p / a ~ ) ~ , p / p ;  volume expansion coeff ic ient  due t o  a 
temperature change i n  f l u i d ,  l/oC 

Y Surface tension between melt and vapor, dyne/cm 

Ernissivity of thermal radia t ion  



~ h n s i o n l e s s  temperature, ( T - T ~ )  /AT 

Dimensionless temperature of the  surroundings, 
(Tc-Tm) /AT 

Viscosity of the  f lu id ,  g/cm sec  

2 Kinematic v iscos i ty ,  V/P, cm /set 

Density of the  f lu id ,  g/cm 3 

Density of the  c rys ta l ,  g/cm 3 

Density of  the  f l u i d  a t  melting point ,  g/cm 
3 

Stef an-Boltzmann constant, 5.668 x lo-' erg/cm 2 

sec  OK* 

Temperature coeff ic ient  of  the  surface tension, 
ay/aT, d y n e s / d ~  

Dimensionless stream function, defined by 
Equations (A-25) and (A-26) i n  Appendix A. 

~ imensionless  vor t i c i ty ,  defined by Equations (A-21) 
and (A-27) i n  Appendix A. 

A. Introduction 

Floating zone melting (1) is a conanon method of growing s ingle  

crys ta ls ,  especial ly f o r  high melting materials  because the  melt is  

not i n  contact with a crucible. Although f ree  convection due t o  

densi ty var ia t ions  w i l l  not occur a t  zero g, temperature var ia t ions  

along the  f r ee  melt surface w i l l  cause surface tension var ia t ions  

I which generate convection. Surface-driven flow is often cal led the 

"Marangoni e f fec t "  . 
W e  consider a l iqu id  zone suspended between two cyl indr ica l  

so l ids  by its own surface tension, a s  i n  F gure 1. Both the so l id  and 

the l iquid  a r e  surrounded by a gas or vacuum. The l iqu id  zone i s  



generated by a power source, typica l ly  a radiant  heater ,  an electron 

beam, o r  by induction from a high frequency coi l .  (Induction heating 

is generally considered too ine f f i c i en t  and bulky t o  be employed f o r  

space processing, although it is used extensively on ea r th  f o r  con- 

ductors.) The zone is made t o  move by slowly moving the  heater ,  

GAS OR 
VACUUM 

SOLID 

I 
I 
I 
I 
I 
I 

2 

.- -_------ ---__ L r ------ 
I 

I 

LIQUID 
I 
I 
I 
I 
I 
I 

a 
6 
I 
I 

I r = a  
< 
l a 

w 

SOLID 

GAS OR 
VACUUM 

Figure 1. Floating Zone Melting, Geometry, Coordinate 
Iiystem an8 Fluid Velocity Components 



resulting i n  continuous solidification a t  one liquid/uolid interface 

and melting a t  the other. In order t o  determine the influence of 

surface driven flow on zero melting, the  par t ia l  differential  

equations for momentum and heat transfer were considered. These 

are shown i n  the appendix. Solutions were obtained num*.rically usin3 

the computer for two situations--a parabolic temperature profile 

along the melt-vapor surface and for  a ring heat source a t  the center 

of the zone. The parabolic profile corresponds approximately to  

radiant heating, and the ring source corresponds to  electron beam 

heating. The mass transfer equation coupled with the computed flow 

f ields  were employed to  find the impurity concentration fields in the 

melt ar3  in the growing crystal a t  steady s tate .  Most of the calcu- 

lations were done for a 1 cm diameter si l icon rod, although the 

results are expressed in  dimensionles? form so that they also represent 

other possibil i t ies.  

8. Model - 
The coordinate system and geometry are shown schematically in  

Figure 1. The change in modes of heating can be easily taken into 

account by simply changing the thennal boundary conditions. Since 

we consider only steady s tate ,  the Eulerian specification of the flow 
I 

f ie ld  seems t o  be convenient. That is, the interfaces and heater are 

taken to  be fixed so that  material continuously moves through the zone 

md the heater. This is equivalent t o  suction a t  the freezing inter- 

face and blowing a t  the melting interface (4). 



Assumptions used in the analysis are as followst 

a) Axisymmetrical f low1 i, e., no angular components. (violated 
i f  crystal rotated or  i f  flow is not steady.) 

b) Incompressible liquid. (Variation of p negligible.) 

c )  Constant properties of the liquid zone, i.e., p, p, k,  D ,  
cp, C, a11 constant, 

d) Flanar liquid/solid interfaces. 

e) ;nape of tie liquid zone is circular cylinder. 

f )  S m t r i c a l  heating of the zone. 

g) Negligible viscous dissipation ( low Mach n .:. . h i .  

h) Steady state.  

i) Growth and melting interface kinetics are sufficiently rapid 
that  the liquid/solid interfaces are a t  the me1tir.g point of 
the material. 

j Constant distribution coefficient ko. 

The mass conservation, Navier-Stokes, mass transfer equations, 

and boundary conditions are given in  Appendix A, along with a descrip- 

tion of the methods of solution, Silicon was taken as a model material 

for  numerical calculation of flow, temperature, and impurity (dopant) 

concentration fields. For silicon, the melting point is 1410°c, the 

Prandtl number is 0.023, the Schmidt number is about 5, M1/a(To-Tm) = 

2 
(n/~ is  14,000, and the emissivity is assmed to be 0.3 for both the 

melt a d  the solid. 

Results of the calculations are suarnarized in Table I. 
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C. Streamlines for  a Parabolic Temperature P ro f i l e  a t  
the Free Melt Surface (Radiation Heatins) 

For simplicity, a parabolic temperature p r o f i l e  along the  m e l ;  

surface was assumed f o r  our i n i t i a l  calculations. This enabled us t o  

solve the  momentum equations without simultaneouslp solving the heat 

cransfer equations. A parabolic p r o f i l e ,  with a maximum a t  the center ,  

seems reasonable f o r  radiant  heating. The dimensionless surface 

tension parameter M' increases a s  the  radius of the  zone a and the  

temperature var ia t ion  along the  melt surface increases. In  Figures 

2 through 5, the  streamlines f o r  parabolic temperature p ro f i l e s  a r e  

shown t o  i l l u s t r a t e  the  e f fec t  of increased values of M (35, 350, 

3500 and 7000). Donut-shaped vortex c e l l s  were formed. With M' = 

35 and 350 only two c e l l s  a r e  generated, and the  centers  of the 

vor t ices  move closer  toward the  l iquid/sol id in ter faces  a s  M' in- 

creases, a s  shown i n  Figures 2 and 3. With M' = 3500, however, which 

0 
corresponds t o  a condition of a = 0.5 cm and (To-T,) = 0.5 C f o r  

s i l i con ,  secondary vortex c e l l s  were induced behind the primary 

vortex, as  shown i n  Figure 4 .  A s  the value of M' was fur ther  in- 

creased up t o  7000, th i rd  and fourth vor t ices  were produced, a s  shown 

i n  Figure 5. These multiple vor t ices  a r e  probably indicat ive of 

osc i l l a t ions  and incipient  turbulence, which cannot be calculated i n  

a steady s t a t e  analysis.  Osci l la t ions  a r e  frequently found with f r e e  

convection i n  enclosed cav i t i c s  between laminar and f u l l y  turbulent  

flow. The maximunt ve loc i t i e s  f o r  1 an diameter s i l i con  w i t h  (T~-T.) - 
1. OOC a r e  calculated t o  be 2 cm/sec. 



Figure 2. Computed dimensionless streamlines J, for surface 
driven flow in a floating zone at zero gravity with 
a parabolic temperature profile on the free liquid 
surface with M' - 35 and vc = 0. This would be 
expecged, for example, for silicon with (TO-Tm) = 
0.005 C and a = 0.5 a n .  



S O L I D  

Figure 3. Computed dimensionless streamlines @ for surface tension 
driven flow i n  a f loating zone at zero gravity with a 
parabolic temperature prof i le  on the free liquid surface 
withoM1 = 350 and v, = 0 .  For s i l i con  with (To-Tm) - 
0.05 C and a = 0.5 cm. 



SOL l D 

Figure 4 .  Computed dinensionless streamlines $ f o r  surface tension 
driven flow i n  a f l oa t ing  zone a t  zero gravity with a 
parabolic temperature pro f i l e  o l  the free  l iquid surfage 
with MI = 3500 and v, = 0 .  S i l i con  with (To-T,) = 0.5 C 
and a = 0 .5  cm. 



1 SOLID 

UUM 

Figure 5. Computed dimensionless streamlines $ for surface tension 
driven flow in a floating zone at zero gravity with a 
parabolic temperature profile on the free liquid surfage 
with M' = 7000 and v, = 0, Silicon with (To-T,) 1.0 C 
and a = 0.5 cm. 



D. Fluid Flow Coupled w i t h  Heat Transfer 
(Electron Beam Heating) 

Although a parabolic temperature profile a t  the free liquid 

surface may be a reasonable approximation for radiation heatinc, only 

a complete heat transfer analysis coupled w i t h  flow calculations would 

provide us with exact temperature profiles. Electron beam heating is  

commonly used in  floating zone melting and was taken as our hea"ing 

mode. Rather than specify the power input, the circumferential temper- 

ature T a t  the center of the zone was specified for convenience in 
0 

analysis. The procedure used to  solve the coupled heat-momentum 

transport problem was as follows: 

1) The temperature f ie ld  for conduction was computed by 

neglecting convective heat transfer. 

2) The surface temperature profile from 1) was uti l ized to 

calculate the f i r s t  approximate solution of fluid flow. 

3) The temperature f ie ld was recalculated using the flow 

f ields  from 2 ) .  

4) Steps 2) and 3) were repeated unt i l  the temperature and 

the fluid flow f ields  no longer changed appreciably. 

The resulting streamlines with M' = 35 are drawn in Figure 6 

in  which we took values for silicon with the surroundings a t  the 

melting point, i.e., the heat shielding about the zone is extremely 

effective. While th is  does not correspond exactly with real i ty ,  it 

does show the correct features. Comparing with ~ i g w e  2, we see that 

the vortex centers are shifted nearer to the heat source from the 

liquid/solid interfaces, 'inis is because the steepest temperature 



Figure 6.  Computed dimensionless streamlines JI f o r  surface tension 
driven flow i n  a f loat ing  zone a t  zero gravity from the 
computed temperature f i e l d s  f o r  electron beam heating of 
s i l i c o n  with (T,-T,) O . O O ~ ~ C ,  Tc - Tm, E. 0.3,  a = 0.5  
cm, M' = 35, Pr = 0.023, and v = 0 

C 



gradient  is a t  the  center  of  the zone. Further increasing M' up t o  

350, by increasing (To-T,) with other  conditions kept constant,  

resul ted  i n  the streamlines and isotherms shown i n  Figure 7. The 

maximum veloci ty f o r  s i l i con  was 0.55 cm/sec. Comparing the  tempera- 

tu re  f i e l d s  with surface tension driven flow f o r  M' = 350 with those 

f o r  pure conduction, there was no s ign i f i can t  change except fo r  a 

s l i g h t  one near the  center of the  zone, a s  shown i n  Figure 8. This 

indicates tha t  conduction is much grea ter  than convective heat trans- 

f e r  a s  would be expected f o r  the small Prandtl number f o r  s i l icon.  

(Prandtl number is  a measure of the  degree t o  which convection in- 

fluences heat t ransfer . )  The v o r t i c i t y  f i e l d s  f o r  M' = 350 as  i n  

Figure 7 are  shown i n  Figure 9. The maximum v o r t i c i t y  and i ts  loca- 

t ion  f o r  various conditions a r e  a l s o  summarized i n  Table I. 

E. Influence o f  Prandtl Number 

The Prandtl number was increased from 0.023 t o  0.3 and 2.0 by 

increasing the  spec i f i c  heat ,  and keeping the  v iscos i ty  and the thermal 

conductivity of the melt constant. As the  Prandtl number increases,  

the  temperature gradients  along the  f r e e  l iquid  surface ( for  f ixed 

To-Tm) increase near the heat source and a l s o  near the  l iquid/sol id  

in ter faces ,  but  s igni f icant ly  decrease inbetween, a s  i l l u s t r a t e d  in  
I 

Figure 10. Since the  convective heat t r ans fe r  becomes more s ign i f i can t  

as a r e s u l t  of increasing the  Prandtl number, the  isothenns a re  in- 

creasingly d i s to r t ed  from those of pure conduction. This, i n  turn ,  

causes changes i n  the flow f i e ld .  For example, the center  of the  vortex 



SOLID 

- Streamlines 

--- Isotherms 

VACUUM 

Figure 7. Computer fsothenns 0 and streamlines $J for surface tension 
driven flow in floating zone at zero gravity from the com- 
puted temperature fQalds for electron beam heating of sdlicon 
with (To-Tm) - 0 . 0 5 C , T , = T m ,  - 0 . 3 ,  o m 0 . 5 a 0 ,  
M' - 350 ,  Pr - 0 . 0 2 3 ,  v, - 0 and '8 = (T-Tm)/ (To-Tm) . 



M' = 0 

(CONDUCT I ON ) 

M' = 350 
(CONVECTION) 

Figure 8. Comparison of i8othems 0 - (TOT.)/ (T -T ) without 
o m 

camvection and with convection for M' - 350 (see 

Figure 7 for the flow field) . 



Figure 9. Dimensionless vorticity fielc r corrasponding to the 
streamline field shown in Figure 7. 



DIMENSIONLESS TEMPERATURE 

e = (T-T,)/(T~-T~) 

Figure 10. Axial dimensionless temperature prof i les  a t  the f ree  
l iquid surface; (I) a s  solved from the electron beam 
beam heat transfer analysis  coupled with the convection 
f i e l d  for  M' = 350; (11) assumed parabolic. 



cell near the  l iquid/sol id  in ter face  s h i f t s  c loser  t o  the in ter face  

as the Prandtl number increases, a s  shown i n  Figures 11 and 12. 

F. Influence of Zone Travel on Hydrodynamics 

The e f fec t  of zone motion on the  flow f i e l d  was found t o  be 

negligible i n  a l l  of our calculated streamlines f o r  zone t r ave l  r a t e s  

of up t o  5 cm/hour i n  s i l icon.  However, the  e f f e c t  becomes s ign i f i can t  

when the  zone t r ave l  r a t e  becomes comparable with the  ve loci ty  of 

surface-driven flow. 

The flow f i e l d  shown i n  Figure 6 f o r  M' = 35 (our weakest flow) 

is taken a s  a model case i n  order t o  show the  influence of zone t r a v e l  

on hydrodynamics i n  the f loa t ing  zone. The maximum veloci ty  of the 

m e l t  f o r  MI = 35 is  0.07 cm/sec (or 250 cm/hour) , and the  average 

veloci ty is about 70 cm/hour. I n  Figures 13 through 16, the  stream- 

l i n e s  i n  f loa t ing  zone melting of s i l i con  a t  zero g a r e  shown f o r  

freezing r a t e s ,  10, 30, 50, and 70 cm/hour w i t h  M' = 35 (T -T = 
o m 

0 
0.005 C f o r  our s i l i con  example). The lower vortex c e l l  f l o a t s  away 

from the bottom in ter face  and its s i ze  is reduced as  the zone t r ave l  

r a t e  increases. Thus, the  flow pat terns  with zone motion are  qu i t e  

d i f f e ren t  from those with no motion when the  zone t r ave l  r a t e  is com- 

parable with t h e  surface driven flow. 

., i , --- . - .- - 7-- -- 
2 I . , ,  



Figure 11. Computed isothenn 8 and streamlines $ for surface 
tension driven flow in a floating zone at  zero gravity 
from the computed temperature fields for electron beam 
heating, with the same conditions as in Figure 7 ,  
except Pr = 0 . 3  

VACUUM 
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VACUUM 

Figure 12. Computed isotherms 0 and streamlines for surface tension 
driven flow in a floating zone a t  zero gravity from the 
temperature fields computed for electron beam heating with 
the same conditions as in Figure 7 ,  except Pr = 2. 



MELTING INTERFACE 

FREEZING INTERFACE 

FigUro 13. Computed streamlines $ for surface tension driven flow 
i n  a floating zone a t  a zone travel rate of 10 cm/hour 
under the con6.itions of Figure 6. 



MELTING INTERFACE 

FREEZING INTERFACE 

Figure 14. Computed streamlines $ for surface tension driven flow 
i n  a floating zone a t  a zone travel rate of 30 Whour 
under the conditions of Figure 6. 



MELTING INTERFACE 

FREEZING INTERFACE 

Figure 15. Computed streamlines $J for surface tension driven flow in 
a floating zone at a zone travel rate of 50 cm/hour under 
the conditions of Figure 6.  



MELTING INTERFACE 
I 

I I 
I 

/----+---- 

FREEZING INTERFACE 

Figure 16. Computed streamlines I) for surface tension driven flow i n  
a floating zone a t  a zone travel rate of 70 cm/hour under 
the conditions of Figure 6, 



G. Impurity Segregation 

Steady s t a t e  impurity concentration f i e l d s  i n  the  melt were 

calculated by introducing the convection f i e l d s  f o r  M' = 350 with 

zone motion. The values used i n  the present computations are: 

3 
Sc = 5.0, pc = 2.28 g/cm , pf 

3 = 2.54 g/cm , k = 0.1, a = 0.5 an, and 
0 

2 
0 = 7.6 x cm /set, which a re  typica l  for  s i l i c o n  with aluminum 

or  indium impurity ( 2 ) .  The dimensionless impurity concentration 

f i e l d s ,  C = m/mt, a t  steady s t a t e  a re  shown i n  Figure 17 f o r  a 

freezing r a t e  v of 1 cm/hour (Vc = 0.0366) and i n  Figure 18 fo r  
C 

v of 5 -our (Vc = 0.183). The concentration f i e l d s  follow some- 
C 

what the  pa t terns  of the  convective flow f i e l d s ,  which implies t h a t  

the  convective mass t r ans fe r  is  large compared with the molecular d i f -  

fusion. This is ,  of course, t o  be expected from the re l a t ive ly  high 

Schmidt number f o r  s i l icon.  The dimensionless impurity concentration 

p ro f i l e s  i n  the a x i a l  d i rec t ion  a t  R = 0, 0.5 and 1.0 a re  plo ted in  

Figure 19 f o r  freezing r a t e s  of 1 &hour and 5 cdhour .  The magnitude 

of the mass t r ans fe r  resistance is indicated by the  r a t e  of change of 

concentration with distance. Note t h a t  it is  higher a t  the  center  of 

the zone because of the  poor mixing between the  top and bottom ce l l s .  

This is t o  be contrasted with boundary-layer flow in which the  mass 

t r ahs fe r  resistance is  concentrated near sol id/ l iquid interfaces.  

* 
When zone melting is  i n i t i a t e d  the impurity concentration i n  the  melt 
increases (fcr ko < 1) u n t i l  the same average concentration is  freez- 
ing out  of the melt a s  is being fed i n t o  the melt a t  the other 
interface.  I t  takes several  zone lengths of zone movement with 
convective: mixing i n  the zone u n t i l  t h i s  steady s t a t e  is  reached. 



Figure 17. Steady s ta te  dimensionless impurity concentra 
t ion  f i e l d s ,  C = m/mt, i n  a s i l i c o n  melt for  
a zone travel rate  o f  vc = 1 cm/hour with a = 
0 . 5  cm, MI = 350, Pr f40.0$3, Sc = 5.0 ,  ko = 
0.1 ,  and D = 7 . 6  x 10 cm /see.  

FREEZING INTEXFACE 



MELTING INTERFACE 

FREEZING INTERFACE 

Figure 18. Dimensionless impurity concentration f ie ld!  
C a d m t ,  i n  a s i l i c o n  melt a t  steady statt 
for a zone travel rate  of vc = 5 cm/hour WI 

the same conditions as i n  Figure 17 .  



DIMENSIONLESS I M P U R I T Y  COtJCENTRATION, 

Figure 19. The calculated dirner\sionless impurity concentration pro- 
files in  the ax ia l  direct ion at  R = 0 )  0 . 5 )  and 1 .0  
under the same conditions as Figures 17  and 18. 



The impurity concentration i n  the  growing c r y s t a l  was calcula-  

teci by multiplying the  concentration i n  the melt  a t  t he  f reez ing  

in t e r f ace  by the  i n t e r f a c i a l  d i s t r i b u t i o n  coe f f i c i en t ,  ko. The r e s u l t  

is  shown i n  Figure 20. For ko = 0.1, t he  convection i n  t he  zone with 

M' = 350 leads t o  a 10% r a d i a l  va r i a t i on  i n  t he  impurity concentration 

i n  the  r e s u l t a n t  c r y s t a l  at a freezing r a t e  of 1 cm/hour and a 409 

r a d i a l  va r i a t i on  a t  a f reez ing  r a t e  of  5 cm/hour. Note t h a t  5 an/hour 

is a t y p i c a l  c r y s t a l  growth r a t e  f o r  s i l i con .  

H. Cons t i tu t iona l  Supercooling 

The c r i t e r i a  f o r  cons t i t u t io>a l  supercoolinu ind ica t e s  t h a t  it 

is favored by a decreased temperature grad ien t  and by an increased 

i n t e r f a c i a l  concentration gradient.  The lrusselt  rumber Nu col-responds 

t o  a dimensionless temperature grad ien t  and the  Sherwood number Sh 

corresponds t o  a dimensionless concentration gradient ,  defirled a s  

follows : 

From Figures 7, 17 and 18, Nusselt numbers and Shemood numbers were 

calculated and a r e  shown i n  Figure 21. Cons t i tu t iona l  supercooling 

a t  t he  f reez ing  in t e r f ace  is more l i k e l y  a t  the  cen te r  of t h e  c r y s t a l  

than a t  the  periphery s ince  the Sherwod number is higher a t  the 



DIMENSIONLESS RADIAL POSITION, R 

Figure 20. Radial impurity concentration pro f i l e s  i n  the crysta l  
a t  steady freezing rates  of 0, 1 ,  and 5 m/hour cal- 
culated f ram the interfac ia l  concentrations i n  Figures 
17 and 1P for an interfac ia l  distribution coe f f i c i en t  
of ko = 0.1 



FREEZING 
INTERFACE 

MELTING 
INTERFACE 

Figure 21. Radial variation of dimensionless temperature gradient 
(Nusselt number) and impurity concentration gradient 
(Sherwood number) at the melt/solid interfaces calcula- 
ted f r m  Figures 7, 17 and 18. 



center  while the  Nusselt  number is lower a t  the  center .  This tendency 

becomes more pronounced as the  f reez ing  r a t e  increases  s ince  the r a d i a l  

va r i a t i on  of i n t e r f a c i a l  impurity concentration gradien t  a s  wel l  a s  

absolute  i n t e r f a c i a l  concentration gradien t  increases ,  a s  shown i n  

Figure 21. We have found previously t h a t  t h e  prefer red  loca t ion  f o r  

i n t e r f a c i a l  breakdown is strongly influenced by convection (3,4).  

I. Influence o f  Gravity on Flow 

I n  a v e r t i c a l  s i l i con .mel t  with MI = 350 (To-Tm = 0 . 0 5 ~ ~  f o r  

2 
ou r  s i l i c o n  example) , we found t h a t  a t  1 ge (980 cm/sec 1 the flow and 

temperature f i e l d s  i n  t he  f l o a t i n g  zone do not  change appreciably 

from those a t  zero g. When the  acce lera t ion  is increased t o  10 g 
e '  

t h e  lower vortex cont rac ts  while t h e  upper one i s  expanded, par- 

t i c u l a r l y  a t  t h e  center  of  t he  zone where the  flow f i e l d  is r e l a t i v e l y  

weak. This is  shown i n  Figure 22 and may be compared with Figure 7 

a t  zero g. This means t h a t  surface driven flow predominates even on 

ea r th  f o r  many mater ia l s  f o r  r ad i an t  and e lec t ron  beam heating. It  may 

even be important when induction heating is employed and may account 

f o r  some of t he  conposi t ional  inhomogeneities observed. 

J. Influence o f  Thermal Environment on Iso+herms 

The previous r e s u l t s  on s t reamlines were based on low hea t  f lux  

conditions accomplished by increasing the temperature of the surround- 

ings s u f f i c i e n t l y  o r  by e f f ec t ive  hea t  shielding.  In  addi t ion the  

s o l i d  phase was not  included i n  the heat  t r a n s f e r  ana lys is .  In  order  



SOLID 

SOLID 

Figure 22. Computed streamlines and isotherms for combined 
surface driven and buoyancy driven flow with 
g = 10 ge = 9800 cm/sec2. Other conditions 
are the same as Figure 7 .  

VACUUM 



t o  see how much difference this makes, pure conduction analyses 

were made. A low ambient temperature ( i . e  ., Tc = 23O~) was used. 

Three d i f fe ren t  thermal boundary conditions a t  the  end of the ingot 

were a l s o  investigated. Three possible conditions were considered; 

t h a t  is, radiat ion,  insula t ion  and rapid heat  t r ans fe r  from the  end 

t o  the  surroundings. For electron-beam heating, the  heat  f lux  varied 

subs tant ia l ly  depending on the  thermal boundary conditions. The 

required power supply computed from the  temperature gradients  is  236, 

228 and 492 watts f o r  the case of radiat ion,  insula t ion  and i n f i n i t e  

heat  t r ans fe r  coeff ic ient  a t  the  top surface, respectively. This 

r e s u l t  is  found t o  be close t o  Donald's (5) experimental r e s u l t  (198 

watts) f o r  electron-beam f loa t ing  zone melting of 1 cm diameter 

s i l icon.  I n  s p i t e  of the  changes i n  heat  f lux,  the  isotherms i n  the 

zone vary l i t t l e  when the  length of the  so l id  ingots is  the same a s  

that of the  zone, a s  shown i n  Figures 23 through 25. This was a l so  

t r u e  with a reduced length of so l id ,  a s  shown i n  Figure 26. More 

s igni f icant ly ,  isotherms i n  the zone with high heat  f l w e s  a re  not very 

d i f fe ren t  from those with very low heat  f l w e s .  

K. Influence of Materials Parameters 

Inspection of the  governing d i f f e r e n t i a l  equations i n  Appendix 

A shows t h a t  the  parameter which determines the vigor of  the  surface 

2 driven convection is M' = pU (T -T ) a/p . The temperature difference 
0 m 

(T -T along the  m e l t  surface increases as  the melting point  increases o m 

and a s  the  thermal conductivity decreases, a s  well a s  with decreasing 



RADIATION 

Figure 23. Computed isotherms, 0 = (T-Tm)/(Tm-T,) , i n  the ingot above 
the center o f  the zone with To = 1 6 0 0 ° ~ ,  Tc = 23O~,  
Tm = 1410°C, a = 0 .5  an, Pr = 0.023 and Es = 0 . 3 .  Thermal 
radiation boundary condition used a t  the end of the so l id .  



Figure 24. Computed isotherms, 8 = (T-T,)/ (Tm-Tc) , i n  the ingot  above 
t h e  zone center  with the Fame condit ions  as i n  Figure 2 3 ,  
except an i n s u l s t i o g  boundary condit ion a t  the end o f  the  
s o l i d .  To-Tm = 190 C. 
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INFINITE 

MEAT TRANSFER 

~ i g u r e  25. Computed isotherms, 0 = (T-T,)/(T -TF) in  the ingot above 
the zone center with the same conaitlons as  i n  Figure 23,  

0 except To = 2800 C and the heat transfer i s  very rapid at  
the end of the solid.  To-T, = 1 3 9 0 ~ ~ .  
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Figure 26. Computed isotherns, 8 = (T-Tm)/(Tm-Tc), i n  the so l id  and 
the l iquid above the zone center with the same conditions 
as i n  Figure 23. The l e f t  half of the figure i s  for pure 
conduction, and the r ight  half i s  with the convection 
shown i n  Figure 3.  



heat  shielding. Unfortunately we a r e  unable a t  t h i s  time t o  express 

t h i s  quant i ta t ive ly ,  although our computer programs a re  capable of 

estimating any pa r t i cu la r  case. If we remove (T~-T,) a from M' we 

2 
a r e  l e f t  with the material parameters pU/p . Values f o r  selected 

materials  a r e  shown i n  Table 11, from which it is seen t h a t  our t e s t  

material,  s i l i con ,  is one of the  materials  more sens i t ive  t o  tempera- 

t u r e  variat ions.  The parameter which expresses the s e n s i t i v i t y  of 

segregation t o  flow conditions is  the Schmidt number Sc. Note t h a t  

Sc is lowest f o r  s i l i c o n  among a l l  of the  materials  i n  Table 11. 

While general conclusions are  d i f f i c u l t ,  it seems c lea r  t h a t  surface 

tension driven flow w i l l  manifest i t s e l f  i n  nearly a l l  materials  with 

a f r e e  melt surface subjected t o  a temperature gradient.  
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1x1.  TRANSIENT FREE CONVECTION AT L O W  G 
ABOUT A SUSPENDED CRYSTAL 

(Chong K. ~ i m )  

Definition of Symbols 

a Radius of sphere, an 

d Diameter of sphere (= 2a) t Qn 

D/Dt Substantial derivative. Rate of change as one 
moves alonq with f luid  

i n  cartesian coordinates 

Acceleration, cm/sec 
2 

9 

I 

e 
Earth's gravitional acceleration, 980 cm/sec 

G r  Grashof number 

dSgabw buoyancy force 

v2 i ne r t i a l  force 

Mass transfer coefficient, cm/sec 

Pressure of the f luid ,  dynes/cm 2 

Pressure due t o  f lu id  motion, dynes/cm 
2 

2 2 Dimensionless pressure, p 'a  /pv 

Radial distance from the center of the sphere, cm 

Dimensionless radial  distance, r/a 

Rayleigh number, GrSc 

Schmidt number 

V 2 momentum diffusivi ty  - 
D molecular di f fusivi ty  

Shemod number, dimensionless composition gradient, 

Kd/o = Ia+/aRl l  

Time, seconds 



u Radial veloci ty,  cm/sec 

U Dimensionless r a d i a l  veloci ty,  ua/V 

v Velocity i n  angular direct ion,  cm/sec 

V Dimensionless r a d i a l  veloci ty,  va/v 

X t Y  1 2  Coordinates i n  rectangular systern 

w Mass f rac t ion  of so lu te  

a Concentration densif icat ion coeff ic ient  

8 Angle frm negative of accelerat ional  vector 

Ir Viscosity of  f lu id ,  g/cm sec 

V 
2 

Kinematic v iscos i ty ,  p/p, cm /-ec 

Density of  the f l u i d ,  g/cm 
3 

P 

'I Dimensionless time, tW/a 
2 

Azimuthal angle 

@ Dimensionless concentration, W-WJWo-WOo 

$ Dimensionless stream function (Eq. B-8) 

w Dimensionless v o r t i c i t y  (Eqs. B-8 and B-11) 

Subscripts 

o Surface condition 

a0 I n i t i a l  condition 

e Earth condition 

8 Angular 

i t j  t m  Arbitrary in teger  

r Radial 



T Constant temper-ture condition 

4 Azimuthal angular 

A. Introduction 

The object  of t h i s  project  was t o  elucidate the nature of the 

convection about a suspended c r y s t a l  growins from a solut ion i n  a 

spacecraft environment. The small f 1uct.uating accelerat ions w i l l  

g ive r i s e  t o  t rans ient  f r e e  convection currents.  There have been 

very few studies of steady s t a t e  f r e e  convection a t  very low Grashof 

numbers, and none have been done on t rans ients .  (Grashof number is  

rough11 equivalent t o  the  r a t i o  of buoyancy t o  viscous forces. ) 

B. Model - 
For simplici ty,  our a t tent ion  was devoted t o  mass t rans idr  about 

a sphere suspended i n  a solution. The following assumptions were 

employed : 

a)  Two-dimensional flow, i .e . ,  no azimuthal flow. 

b) Constant propert ies  (p, D, p) 

C )  TOW gravity (g = loo3 ge - lo-= gel 

d) Influence of r a t e  of change of c rys ta l  s i z e  was neglected. 

The p a r t i a l  d i f f e r e n t i a l  equations and boundary conditions f o r  

flow and f o r  mass t r ans fe r  are  shown i n  Ap;>endix B. Fin i t e  difference 

methods were used on the computer. Although the  re su l t s  a re  expressed 

i n  dimensionless form, i t  is  helpful  t o  Lhink i n  terms of a concrete 

example. We considerod a 1 cm diameter KC1 sphere growing from water 

a t  2 5 ' ~  with a supersaturation of 0.1 mole/& a t  g = 1.25 x ld4 ge I 



2 
0.122 W s e c  , The pe r t i nen t  parameters are d 5 1 an, W = Wo-Wop - -0.0075, p - 1.18 g/a3, p z 0.01 g / a  s ec t  a. = ( a p i a ~ ) ~ , ~  = 0.616 

2 md D = 1.8 x low5 cm /SEC. These y i e ld  So = v/D = 465, C r  - 
3 2 

( d  gaAW/v I = 7.9, and Ra r 3670. The boundary-layer approximation 

4 
is  expect.ed t o  be v a l i d  only f o r  R3 > 10 (6) .  I n  o ther  words, the  

perturbed region i n  t he  so lu t ion  is  expected t o  be on the  order  of t h e  

same s i z e  a s  the  growing c r y s t a l .  

C. Convection-Free Mass Transfer (Diffusion) 

Before studying mass t r s n s f e r  with c o ~ ~ v e c t i o n ,  it is  i n t e r e s t -  

ing t o  f i r s t  look a t  the  d i f fu s ion  problem. We consider n sphere i n  

an i n f i n i t e  body o f  so lu t ion  a t  zero g. Tht pe r t i nen t  d i f f e r e n t i a l  

equation is: 

with bouildary condi t icns  : 

 at^-0, + l o  

a t R = 1 ,  + P I  

a t ~ - ~ ,  4 ~ 0  

The so lu t ion  t o  t h i s  is: 

1 1 
= - e r f c  

R-1 $ = - e r f c  
R 2 m / 5  R F 2 Dt/a 

This  is  p lo t t ed  i n  Figure 27. The Shemood n u i i e r  is 



DIMENSIONLESS RADIAL POSITION R=r/a 

Figure 27. Concentration profiles for diffusion without convection 
from sphere of radius a into infinite fluid. Dimension- 
less concentration is 1 - @ = (k / W - .  Plotted 
from Eq. !4! 



which is plo t ted  i n  Figure 28. From these f igures  it is  seen t h a t  

t o  reach steady s t a t e  requires Ilt/a2 .. 5, o r  f o r  our example 

parameters, t -.. 69,600 sec = 19.3 hour. This is t o  be compared with 

Siegei 's  (7) predict ions based on t rans ient  boundary-layer equations 

f o r  Sc >> 1. He estimated t h a t  the  time t o  reach steady s t a t e  with 

convection on a v e r t i c a l  f l a t  p l a t e  is 5.24 (0.952 + Sc) 1/2 

1 ww dl'? = 4760 sac = 1.32 hours f o r  our example. The time 

over which the  above solut ion f o r  pure diffusion should be val id  was 

estimated t o  be 1 .80  (1.5 + Sc) 'I2 (gdW) -1/2 d1/2 = 1640 sec = 17 min. 

D. Convective Mass Transfer 

In  order  t o  reduce the  computation time and t o  approximate a 

r e a l i s t i c  geometry, a spherical  boundary a t  ten  times the  sphere radius 

was chosen. The f l u i d  veloci ty and the  concentration gradient  a t  the  

boundary were set equal t o  zero. Unfortunately computations were not 

car r ied  on su f f i c i en t ly  long f o r  the  convection t o  appreciably 

influence the mass t ransfer .  A s  shown i n  Figures 29 through 34, the  

calculat ions did show development of a c i r cu la r  r o l l  c e l l ,  similar i n  

appearance t o  a smoke ring. This agrees with the  steady s t a t e  r e s u l t s  

calc-ilated by Suriano, Yang and Donlon (8) f o r  a heated v e r t i c a l  p l a t e  
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Figure 29. Sherwood number for transient convectionless diffusion 
from a sphere 



Figure 29. Streamlines a t  T = 1.24 for G r  = 7.9  and Sc = 465 
about a growing sphere. Values on curves are 103 $. 
For 1 cm diameter sphere and d i l u t e  aqueous solut ion 
corresponds t o  3 1  seconds a f t er  beginning o f  growth. 



Figure 30. Constant concentration curves a t  T = 1.24. Values 
on curves are -log 4. 



i 
I t  

Figure 31. Constant vorticity curves at T = 1.24. Values on 
curves are 104 w 

i 



R A D I A L  POSITION, R = 'lo 

Figure 32. Vorticity as a function of radial position a t  54 0 

and 90° from vertical  for 'r = 1.24. 



R A D I A L  POSITION,  R 

Figure 33. Tangential velocity a t  0 - 90' as a function of 
radial position for three times. For 1 an diameter 
sphere and a dilute aqueous solution a value of 
V = 0.01 corresponds t o  about 0.002 m/second = 
7 . 2  &hour. 



RADIAL POSITION, R 

0 Figure 34. Radial velocity at 8 = 90 at three times. 



* 
with a Prandtl number of 10 and Grashof numbers of 0 . 5  and 1 . 0 ,  and 

by Hassain and Gebhart (9) for  a heated sphere with a Prandtl number 

near 1 and Grashof numbers o f  up t o  0.7.  

* 
The Prandtl number plays the ro l e  i n  heat transfer that  the Schmidt 
number plays i n  mass transfer.  



I V .  EXPERIMENTAL SIMULATION OF CRYSTALLIZATION I N  A 
fX)W G SPACECRAFT ENVIRONMENT 

(P. J. Shlichta and P. S.  hen) 

Definition of Symbols 

Solute molar concentration i n  c rys ta l ,  moles/cm 
3 

Cc 

C 
0 

Heat ' capacity of solut ion,  erg/g K 
P 
D 

2 
Solute diffusion coeff ic ient  i n  s o l u t i ~ n ,  cm /sec 

Earth 's  gravi ta t ional  accelerat ion,  980 c d s e c  2 
Qe 

G r  
h  

Grashof number f o r  temperature differences,  
3 2 

L ( a ~ / a ~ )  (T~-T=)  ~ / P V  

G r  Grashof number for  composition differences , 
rn 

L~ (ap/aw) (wo-wW) ~ / P V  
2 

h Heat t r a n s f e r  coeff ic ient  between c rys ta l  and bulk 
0 

solut ion,  erg/cm s ~ c  K 

AH Heat of c rys ta l l i za t ion ,  erg/g 
C 

k 0 
Thermal conductivity of solut ion,  erg/cm ssc K 

K #ass t r ans fe r  coeff ic ient ,  cm/sec 

L Width o r  diameter of c rys ta l ,  c m  

M~ Molecular weight of so lu te ,  g/mole 

;L 

0 
Mass f lux of so lu te  i n t o  c rys ta l ,  g/an sec 

2 
("B) 0 

Mass f lux  of solvent in to  c rys ta l ,  g/cm sec 

Nu Nusselt number, hL/k. Also, dimensionless 
temperature gradient a t  c rys ta l  surface. 

Pr Prandtl number, VpC Jk 
t 

s Parameter dependent on (Sc/Pr) , from Ref. (11). 

S c Schmidt number, v/D. 



Sh Shemood number, Y&/D. Also, dimensionless 
concentration gradient a t  c rys ta l  surface. 

T 
0 

Temperature, K. 

"c 
Linear c rys ta l  growtl~ r a t e ,  cm/sec. 

wo 
Mass f rac t ion  solu te  a t  surf ace of crys ta l .  

w~ Mass f rac t lon  solu te  i n i t i a l l y  i n  bulk solution. 

B ( ~ P / ~ T ) / P  

V 
2 

Kinematic v iscos i ty ,  cm sec. 

P Density of solut ion,  g/cm 
3 

Density of crys ta l ,  g /m 3 

"PW 
Chan e i n  densi ty due t o  composition change, 
9/cm 9 

Change i n  densi ty due t o  temperature change, 
9/m3 

A. Purpose and Scope 

The objectives of t h i s  port ion of the  program are  a)  ver i f ica-  

t ion  of the  theore t i ca l  predict ions of Section I11 by observation of 

the  growth (or dissolut ion) r a t e  and convection around suspended 

c rys ta l s  o r  polycrystal l ine spheres a t  low Grashof numbers, and b) 

! observation of c rys ta l  growth phenomena a t  low Grashof numbers f o r  the 

purpose of predicting the  f e a s i b i l i t y ,  advantages, and problems of 

growing c rys ta l s  i n  a spacecraft  en-~ironment, with pa r t i cu la r  emphasis 

on the  e f fec t  of convection and/or accelerat ional  t rans ients  on the 

formation of crysta? defects .  



These goals a r e  t o  be accoxnplished by th'2 study of so-called 

low-gravity-simulation (US) systems--solute-solvent p a i r s  i n  which 

the heat of c rys ta l l i za t ion  and the change of density with concentra- 

t ion  a r e  both small. We had previously demonstrated t h a t  f o r  a given 

crys ta l  s i ze  and growth ra te ,  LGS systems c rys ta l l i ze  a t  1 g much as  

normal solut ion systems would c r y s t a l l i z e  i n  a spacecraft environment 

(10). These systems a i e  being studied by the  use of sch l i e re r~  and 

other  opt ica l  techniques t o  observe the steady-state and t rans ient  

convection pat terns  around growing o r  dissolving c rys ta l s  and the 

change of s i z e  (or  weight) of these c rys ta l s  a s  a function of time. 

Some a t tent ion  may a l so  be given t o  the  correlat ion between the con- 

vective history and the  location of defects  i n  the grown crys ta l .  

The objectives may be res ta ted  as  the following spec i f i c  tasks. 

1) Search for ,  ver i f ica t ion  , and charact.erization of LGS 

systems. 

2) Development and refinement of op t i ca l  apparatus anti 

experimental techniques. 

3) Observation of the  dissolut ion and growth cf  p l y c r y s t a l -  

l i n e  spheres, immersed i n  a uniform s t a t i c  solut ion,  by measurement of 

s i z e  and/c~r weight change versus time, time l ag  f o r  onset of con- 

vection, and qua l i t a t ive  steady-state convection pat tern.  

4) Extension of 3) t o  include mappin9 of flow v e l ~ c i t y  and 

concentration gradient pa t terns  a s  a function of time. 

5) Repetition of 3) and 4) using single-crystal spheres, with 

specia l  a t tent ion  t o  the  flow perturbations a r i s ing  a s  the growing 

c rys ta l  changes from a spherical t o  a faceted shape; 



6) Experiments s i m i l a r  t o  3) and 4) i n  which the  suspended 

sphere is  replaced by a large f l a t  p la te .  

7) QuaAlL~Live observations of the flow pat tern  around a 

suspended growing faceted c rys ta l  with specia l  a t tent ion  t o  the pos- 

s i b l e  development of spontaneous tra.:rients and t h e i r  correlat ion with 

the development of c rys ta l  def e c t s  . 
8 )  Extension of some o r  a l l  of the above t o  include Grashof- 

number t rans ients ,  induced by accelerr t ional  or forced-convection 

pulses. 

9) Low Cxashof-number c rys ta l  growth under steady,-state forced 

convection. 

I t  is  expected t h a t  during the present contract  activities 

w i l l  be confined t o  tasks l), 2) , 31, 4) and possibly 7 ) .  

B. Low-Gravi >-Simulation Systens 

The principal  e f f e c t  of gravity upon c rys ta l l i za t ion  is tne 

development of f ree  convection currents  around the  growing crys ta l .  

The process of c rys ta l l i za t ion  can change the density of the sur- 

rounding f l u i d  i n  two ways: 

a) by removing solute from the  f lu id ,  thereby changiig the 

lat ter ' , . :  composi.tion, and 

b) by absorbing o r  emitting heat i n t o  tho, fl::id, thereby 

changing i ts  temperature, 

For e i the r  or both of these reasons, the  densi ty of the surroending 

f lu id  is, i n  almost a l l  cascs, reduced and a r i s ing  conve.?-..c.> cur- 

r e n t  is established aroun3 the  growing crystal .  



The most comonly used index of the degree of f r e e  convection 

i n  a system is  the Grashof number, which is  the  r a t i o  between the  

buoyant and visco-3s forces  i n  a system. I f  we consider only com- 

pos i t ion  difference-,  the Grashof number can be defined as: 

where 

L = t he  "cha rac t e r i s t i c  length" of the  system, here 
assumed t o  be the  diameter of t h e  sphere o r  
c rys t a l .  

ap,' ., -. the  change of so lu t ion  dens i ty  with concentration 
( so lu t e  mass f r ac t ion )  i n  the  v i c i n i t y  of 
s a tu ra t i  on. 

wo = the  so t a t ion  concentration ( so lu te  mass f r ac t ion )  
a t  t h c  surface of the  c r y s t a l ,  assumed t o  be 
equal t o  the sa tura t ion  c o n c ~ n t - a t i o n .  

Woo = the  bulk so lu t ion  concentration. 

g = grav i t a t i ona l  (o r  cent r i fuga l )  acce lera t ion  

p = the  densi ty  of  t he  so lu t ion  

v = the  kinematic v i scos i ty  (viscosi ty/densi ty)  of 
t h e  solut ion.  

It i s  obvious t h a t ,  a l l  quan t i t i e s  except g being held constant ,  the  

t r a n s f e r  of a c r y s t a l l i z i n g  system from the  e a r t h ' s  surface t o  a 

cpacecraft  environmeni has the  e f f e c t  of reducing the  system's Grashof 

number by sevaral  orders  of  magnitude. I t  is  a l s o  evident t h a t  

a l t e rna t ive ly  one might reduce the Grashof number--and therefore ,  

hopefully,  simulate spacecraft-environment crystallj.zation--by 

' Y "I- -- - -------.. - .  -. .-.- 



a) rd~cing the size of the system (L) , 

b) reducing the supersaturation (W;Wo) and, therefore, the 

growth rate, 

c) increasing the viscosity (v), or 

d) decreasing a p / a ~ .  

Prom a purely fluid-mechanics viewpoint, all of these changes would 

be equivalent. Unfortunately, the process of crystallization involves 

several size-aependent parameters, such as growth step height and the 

ratio of surface energy to bulk energy, so that microscopic crystal- 

lization at 1 g is probably not a valid si~ulation of macroscopic e 

low-gravity crystallization. Crystallization also involves supersatura- 

tion-dependent phenomena, such as growth step nucleation and surface 

diffusion, so that the extremely slow growth of crystals at very low 

supersaturations is a questionable simulation of faster growth at 

lcw-gravity. Finally, order-of-magnitude increases in viscosity cannot 

b? effected without substantial amounts of macromolecular additives 

which, as the sad history of attempts to grow crystals from gels 

attests, create problems of their own. Therefore, it would appear that 

most reliable simulat!.on of low-gravity crystallization would be 

attained by using solution systems in which the churlge of density with 

soluct: cuncentration approaches zero. 

We have thus far neglected temperatrte differences, for which 

t.he Grashof number is defined as 



i n  which ap/aT is  t h e  change of so lu t ion  dens i ty  with temperature and 

To and T-a re  the  temperatures a t  the growth in t e r f ace  and in the  

bulk solut ion.  We can est imate t h e  r e l a t i v e  dr iv ing  forces  o f  heat- 

and mass-transfer by examining very slow t r anspor t  from a planar  

surface.  A t  steady s t a t e  t h e  r a t e  of l a t e n t  hea t  l i be ra t ion ,  

vcpchc, must be equal t o  t h e  h e a t  f l u x  back i n t o  the  so lu t ion ,  

h(T -Ta) , where V is the l i n e a r  c r y s t a l  growth r a t e ,  pc is the 
0 C 

dens i ty  of the c r y s t a l ,  and h = kNu/L is the  hea t  t r ans fe r  coef f ic ien t .  

The growth r a t e  i n  t u rn  is  given by 

where C is the  molar s o l u t e  concentration i n  t he  c r y s t a l ,  K = DSh/L 
C 

i s  t h e  mass t r a n s f e r  coe f f i c i en t  without i n t e r f a c i a l  flow, pf is the  

dens i ty  of the f l u i d ,  MA is  the  molecular weight of t h e  so lu t e ,  and 

and ( ) a r e  t he  mass f luxes  of s o l u t e  and so lvent  i n t o  t h e  53 0 

c r y s t a l  from the  so lu t io r~ .  For a solvent-free c r y s t a l ,  Cc = pdMA 

and (nJo = 0 .  In se r t i ng  Eq. (8) i n t o  the  steady s t a t e  h e a t  balance 

we obta in  f o r  a solvent-free c r y s t a l  

The r a t i o  of t he  densit.] change due t o  t he  compositional change t o  

t h a t  due t o  the temperature change i s  therefore ,  



From Ref. (11) we note t h a t  

and t h i s  with the  de f in i t ion  of Sh and Nu gives 

= 0.737 p C (Sc/Pr) 2/3 
f P 

Substi tut ing t h i s  i n t o  Eq. (10) we obtain 

Taking C = 1 c ~ ~ / ~ O C  a id  (Sc/Pr) = 140, we obtain fo r  (CH3)4NC1/H20 
P 

(a typica l  U S  system with a AH of 2.4 cal/g) G r  / ~ r  - 270, showing 
m h ' l  

t ha t  the density change due t o  thermal e f f e c t s  is negligible. How- 

ever, the r a t i o  of the driving forces due t o  compositional and thermal 

e f f e c t s  is, from Eq. (13) and Ref. (11) , 

38 f o r  ( C H ~ ) ~ N C ~ / H ~ O  . 



Theref ore,  although the  Grashof number f o r  the  temperature difference 

i s  estimated t o  be much less than the  Grashof number f o r  the  compo- 

s i t i o n  difference,  it might have some adverse e f f e c t  on the  simulation 

of extremely low-gravity crys ta l l iza t lons .  I t  is therefore des i rable  

t o  choose LGS systems f o r  which &ic is a s  small a s  possible. Also it 

is obvious t h a t  the  simulation of growth from melt a t  low-gravity is  

unfeasible, s ince the  AH of melting i s  always considerable. 

Preliminary experiments, reported elsewhere ( l o ) ,  disclosed 

t h a t  the  tetramethylammonium chloride/water system, because of i ts  

extremely low ap/aW, low AH, and high v iscos i ty ,  appeared t o  be a 

va l id  LGS system. Unfortunately, i ts extreme hygroscopicity and 

tendency toward dendr i t ic  growth made fu r the r  research with this system 

unattract ive.  

Accordingly, a t  the  beginning of the  present  contract ,  a 

l i t e r a t u r e  search was i n i t i a t e d  t o  f ind  other LGS systems, using the 

following c r i t e r i a :  

1. The change of solut ion density with increasing solu te  con- 

centrat ion,  i n  the v ic in i ty  of sa tura t ion ,  must be a s  close a s  possible 

t o  zero. This is  equivalent t o  requiring t h a t  the  densi ty of the 

solvent equal the densi ty of the  dissolved solu te  and is approximately 

equivalent t o  requiring t h a t  the  solvent and so l id  so lu te  have the 

same density. Aczordingly, the  l a t t e r  requirement was used i n  search- 

ing f o r  candidate solute-solvent pa i r s .  

2. The system must have a low heat  of crys ta l l iza t ion .  It  is  

still not cer ta in  how s t r i c t  t h i s  requirement must be. 



3. The system must y ie ld  good equidimensional s ingle  crys ta ls .  

(Our ear ly  fears--that a l l  LGS systems would tend toward dendr i t ic  

crystallization--were rapidly dispel led.  ) 

4. The solu te  must melt well  above room temperature and have 

a low vapor pressure. 

5. The solvent must boj l far above room temperature and have 

the  lowest possible vapor pr-essure, so a s  t o  minimize the likelihood 

of evaporative nucleation a t  the  surface of the  solut ion.  

6. Both solvent and solu te  must be s t ab le  and substantia'.ly 

nontoxic with regard t o  prolonged exposure t o  vapor and occasional 

skin contact. 

7. The room-temperature so lub i l i ty  should be g rea te r  than 

about 0.05 weight f rac t ion ,  t o  permit reasonable growth r a t e s ,  and 

l o s s  than about 0.20 t o  f a c i l i t a t e  comparison with theory. Also, 

so lub i l i ty  should increase with temperature, so  a s  t o  f a c i l i t a t e  

the  preparation of supersaturated solutions. 

8. Ideal ly,  the  solvent should be a variable mixture of two 

chemically s imilar  compounds of s l i g h t l y  d i f fe ren t  densi ty,  such a s  

H20-D 0. This permits the  va r i a t i sn  .>f a p / a ~ ,  so  t h a t  the Grashof 
2 

number of  the system <an be "tuned" t o  zero o r  very low values. 

9. The system should possess one o r  more of the  following 

charac ter is t ics  t o  f a c i l i t a t e  measurement of the  convection and/ox 

solu te  concentration around the growing crys ta l :  

a) A strong var ia t ion  of index of ref rac t ion  with 

concentration so as t o  permit observation by schlieren 

me t h ~ d s  . 



b) A "window" i n  the  v i s ib le  region wherein the 

solvent is transparent and the  solute moderately absorbent 

- 1 (a = 0.1 cm ) s o  a s  t o  permit absorption spectrophotometry. 

c) Elec t r i ca l  conductivity and e lec t ro lyzabi l i ty ,  

so t h a t  convection can be visualized by the  generation of 

minute hydrogen bubbles (12) .  

10. Both solvent and so lu te  should be readily available and 

reasonably inexpensive. 

A previous search--which eventually uncovered the  t e t r a -  

methylumnonium chloride/water system--was believed t o  have exhausted 

the like!.ihood of finding a water-soluble inorganic s a l t  with a 

density near 1.0. Therefore, the  present search was confined t o  

organic solutes and solvents.  This was a lso  advantageous since the  

heat  of c rys ta l l i za t ion  i s  usu i l ly  small i n  organic systems. There is, 

unfortunately, no published tabulat ion of organic compounds accoding 

t o  density. Therefore, our search commenced with the  compilation of 

such a tabulat ion from standard organic compendia 1 3 1 4 )  This 

canpilation (Table 111) i s  by no means con~plete or  systematic, since 

on the one hand w e  f i r s t  considered standard solvents and solutes 

which were known t o  c r y s t a l l i z e  well ,  and on the  other  hand we rejected 

any compound vhich fa i l ed  t o  s a t i s f y  c r i t e r i a  3) , 4) o r  5) by having 

an unsuitable melting point,  boil ing point ,  o r  c rys ta l  habit.  (Many 

solutes,  f o r  example, were re jec ted  because they were known t o  crys ta l -  

l i z e  as needles.) This phase of the  search is  by no means complete 

and it w i l l  eventually be resumed. 
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Table I11 was then inspected f o r  possible solute-solvent pa i r s  

which were tenta t ive ly  accepted o r  rejected on the  bas i s  of toxic i ty ,  

ava i l ab i l i ty  and solubi l i ty .  When so lub i l i ty  da ta  was unavailable, 

it was estimated on the  bas is  of chemical s imi la r i ty  o r  analogy t o  

known so lub i l i t i e s .  Table I V  lists same representat ive re jec ted  

systems together with the reasor13 f o r  t h e i r  r e = ~ c t i o n .  Table V lists 

the systems which, a f t e r  the  f i r s t  round of screening, appeared t o  be 

worth fur ther  study. Three of these candidate systems werr. then 

checked f o r  so lub i l i ty  and f o r  var ia t ion  of density with concentration. 

A Westphal balance was used f o r  the l a t t e r  measurement. Known 

weights of so lu te  and solvents  were combined i n  varying proportions t o  

provide a s e t  of solut ions of d i f f e r e n t  concentrations. Solubi l i ty  

was es t ina ted  by adding small known weights of so lu te  u n t i l  apparent 

saturat ion was reached. 

Density measurements f o r  the f i r s t  three  candidate s y s - m s  a re  

shown i n  Figure 35. I t  w i l l  be noted th3t ,  of these,  the  tAlymol/ 

ethyl  carbonate system has a ap/aW of almost exactly zero. Moreover, 

the  a p / a ~  of the o ther  two systems is  low enough t o  make them a l s o  

potent ia l  candidates f o r  low-Grashof-number invest igat ions.  

The c rys ta l l i za t ion  form of these systems was invest igated by 

preparing saturated solut ions a t  elevated temperatures (o.g., 50'~) 

and then l e t t i n g  them cool slowly. The camphor c rys ta l l i zed  out  from 

ethyl  carbonate solut ion a s  needles. Both thymol systems ;;reduced c lear  

euhedral c rys ta l s  up t o  2 mm i n  diameter. 



TABLE IV. UNACCEPTABLE LGS SYSTEMS AND REASONS FOR REJECTION 

phenoliwater - toxicity 

citric acidtCClq - toxicity and probable low solubility 

borneol: 3-butanoic acid - stench of solve.1t 

banzoic 3cid:glycerin - poor crystal form and low solubility 

terebic acid:butyl alcohol - unavailability of solute 

acenaphthalene : 0-xylene - poor crystal f o m  (needles) 

acenaphtha1ene:ethyl carbonate - poor crystal form (needles) 

acrylic acidtaniline acetate - very low M.P. and instability 

camphene:M-xylene - !ow M.P. of solute 

TABLE V. POSS1iT.E ACCEPTABLE LGS SYSTEMS 

thym1:ethyl carbonate 

thymo1:acetylacetone 

camphor : ethyl carbonate 

borneo1:anisole 

borneol : carbitol. acetate 

B-naphthylami~le :i.enzyl acetate 

r~ethyl hydroxylamine ivater (despite ].ow M. P . ) 





Therefore, despi te  tb.eir high so lub i l i ty ,  which makes com- 

parison with transport  theory more d i f f i c u l t ,  and despi te  the r a the r  

high vapor pressure and pot.entia1 low-level tox ic i ty  of the solvents,  

the  thymol/diethyl carbonate and :hymol/acetylacetone systems appear 

t o  be potent ia l ly  su i table  X S  systems. Thus f a r ,  growth and d is -  

solut ion have  bee:^ studied only i n  t h s  thymol/diethyl carbonate system. 

The r e s u l t s  of these t e s t s  w i l l  be discussed below. 

C .  Preparation and Characterizati.on of Solutions 

In  order t o  calculate the Grashof nu;nber fo r  a given crystal-  

l i za t ion  it js necessary t o  know the densi ty,  v iscos i ty ,  so lub i l i ty ,  

and change of density wjth concentration f o r  the system a t  the  

temperature and concentration of  cryi.callf zation. When the experiment 

involves a solut ion p r i o r  t o  o r  during c rys ta l l i za t ion ,  o r  when the  

poss ib i l i ty  of convection due t o  heat  t ransfer  is considered, it  is 

a l so  necessary to know the denslty and so lub i l i ty  a s  a function of 

temperature. In addition, it i s  usefu: t v  kr17w the index of r e f r ~ c t i o n  

of the solution a s  a .:unction of concentr.~tion and temperature. 

Rafractive index measurements provide a rapid means of determininu 

solut ion concentration and an easy method of determining so lub i l i ty .  

Accordingly, the density, viscosi ty,  and index of refract ion of thymol/ 

d ie thyl  carbonate solut ions a r e  b e 5 g  de-.ennined ad a function of con- 

centrat ion and temperature. The index of refract ion (Figure 36) is  

detemined by means of a Bausch and Lomb ~ k b 6  refractinneter. The 

ref rac t ive  index measurements a re  good t o  a t  l e a s t  three r , ignif icant  



W t  Fraction O f  Thymol In  Ethyl Carbonate 

Figure 36. Index of refraction of thymol-diethyl carbonate solutions 



figures. I t  w i l l  be noted t h a t  there is  an appreciable increase i n  

index of ref rac t ion  with c ~ n c e n t r a t i o ~ l ,  so  t h a t  the  system is shown 

t o  comply with c r i t e r i o n  (gal. The v iscos i ty  (Figure 37) a s  

measured hy a U-tube capi l la ry  viscosimeter, depends strongly on both 

concentration and temperature. Attempts t o  measure densi ty by usilAg 

a Westphal-balance sinker on a precision microbalance l ed  t o  un- 

accountably e r r a t i c  r e s u l t s  and these measurements were repeated using 

a pycnometer ( ~ i g u r e  38). A t  present,  the s o l u b i l i t y  of t h i s  

system is being determined as  a function of temperature by equi- 

l ib ra t ing  solut ions with excess solute,  determining the  r e su l t an t  

index of ref rac t ion ,  and then extrapolating the da ta  i n  Figure 36 t o  

determine the  sa tura t ion  concentration. I n  making these measurements, 

a s  i n  the  preparation of solut ions f o r  the  f i r s t  growth experiments, 

a d i f f i c u l t y  was noted which is peculiar  t o  LGS systems and which 

would a l so  be encountered i n  spacecraft experiments. Normally, 

solut ions a r e  saturated by f i r s t  dissolving a s  much solu te  a s  possible 

a t  a higher temperature and then cooling the solut ion t o  the  f i n a l  

temperature where, i n  the  presence of a few seed c r y s t a l s  of so lu te ,  

excess so lu te  c rys ta l l i zes  out. I n  ordinary solut ions,  the process 

of c rys ta l l i za t ion  causes su f f i c i en t  convection t o  mix the solut ion,  

so t h a t  storage a t  constant temperature f o r  a few days t o  a week, 

with only occasional s t i r r i n g  o r  shaking, is s u f f i c i e n t  t o  insure 

equil ibrat ion.  I n  LGS systems, however, f r e e  convection is almost 

negligible and equil ibrat ion can be achieved only by s t i r r i n g  o r  

shaking the  solut ion continuousiy. This precaution is a l s o  necessary 



W t  Fraction Of Thymol I n  Ethyl Carbonate 



WEIGHT FRACTfON OF THYMOL 

Figure 38. Density of  thymol-diethyl ~arb0nate  solutions a t  23 .5 '~  



when determining the  hea t  of solution, a measurement which is now being 

carr ied out  on the  thyn;ol/diethyl carbonate system. 

D. Preparation of Crystals and Polycrystal l ine Spheres 

Thus f a r ,  the  procurement of s ingle  c rys ta l s  has presented no 

problem. Cubic cleavages of  KBr and KC1, cleaved from melt-grown 

crys ta ls ,  appear t o  be thoroughly sat isfactory.  NaC103 c r y s t a l s  up 

to several centimeters on a s ide  may readi ly  be grown from solution. 

T h p l  c rys ta l l i zes  s o  eas i ly  from melt o r  vapor t h a t  commercial 

material  is  often sold a s  s ingle  c r y s t a l  lumps. Moreover, c l e a r  

euhedral c rys ta ls  can be grown from the  LGS solution. 

Polycrystal l ine spheres were produced by pressing powder between 

hemispherical s t e e l  dies.  The o r ig ina l  d i e  design (1/2" hemispheres 

c u t  i n t o  5/8" diameter rods as shown i n  Figure 39) resul ted  i n  equa- 

t o r i a l  r idges and s t r e s s  concentrations which often caused the sphere 

t o  f rac ture  in to  halves. The d i e s  were then modified by enlarging the  

hemispherical surface t o  the same diameter a s  the rod and by cut t ing  

off  the  ends of the  rods so  t h a t  when the  d i e  rods barely touch, 

forming a spherical  cavity, t h e i r  ends a r e  f lush  with the  confining 

r ing  (Figure 40).  

I 
The spheres a r e  prepared by pouring i n t o  the  d i e  chamber a 

weighed amount of powdered solu te ,  corresponding exactly t o  t h e  

theore t ica l  weight of a f inished sphere. The upper d i e  i s  then in- 

eerted and pressure gradually applied u n t i l  an abrupt increase is 



Figure 39. Original die for making polycrystalline spheres. 

Figure 40 .  Improved dies for pressing polycrys talline spheres. 



noted. �  his i nd ica t e s  t h a t  t he  d i e  rods a r e  f l u s h  with the con- 

f in ing  r ing.)  The pressure is  maintained f o r  about 5 minutes and 

then removed. The d i e  rods a r e  then pushed through >he r ing  and 

pul led apa r t  and the  sphere is  removed. I t  is  sometimes advan- 

tageous t o  repos i t ion  the sphere between the d i e s  and repeat  the  

pressing operation severa l  times; t h i s  produces a more synae t r l ca l  

sphere. 

In  t h i s  manner, trslnslucent coherent spheres of KBr ,  KC1, 

MI C 1 ,  and camphor can be readi ly  produced by room temperature press- 
4 

ing. Thymol i s  too  b r i t t l e  t o  p re s s  wel l  a t  room temperature, bu t  

0 
produces a coherent sphere a t  45-50 C. Thymol a l s o  tends t o  adhere 

t o  the  d ies ,  s o  t h a t  .;he sphere has t o  be removed from between the 

d i e  rods by gent ly  heating them. 

Crys ta l s  and spheres a r e  usual ly mounted by d r i l l j n g  a #80 hole 

through them and then passing a f i n e  wire through the hole.  During 

growth and d i s s ~ l u t i o n  r iser iments ,  the  wire is suspended hor izonta l ly  

across  the center  of the c e l l .  Thymol c r y s t a l s  ar,d spheres can a l s o  

be mounted by melting them onto an e l e c t r i c a l l y  heated wire. In  

fu tu re  experiments, the  wire w i l l  sometimes cons i s t  of a chromel- 

alumel composite with a junction a t  t he  center  o r  surface of the sphere 

and i n  sor.a cases  a second junction a t  t he  s ide  of the c e l l ,  so  t h a t  

thymol gradien ts  can be measured d i r e c t l y .  Thus f a r ,  the  only so lu t e  

which has presented any d i f f i c u l t i e s  is NaClO which is  too b r i t t l e  3' 

t o  press  o r  d r i l l  a t  room temperature. 



E. Optical and Photographic Apparatus 

The preceding theo re t i ca l  sec t ions  suggest t h a t  t he  most im- 

por tan t  observations during growth o r  d i sso lu t ion  would be of a )  the 

average growth r a t e ,  as measured by the change of s i z e  o r  weight 

of t he  c r y s t a l  as a funct ion of time, b) the  q u a l i t a t i v e  form of the  

convection pa t t e rn  around the  c r y s t a l ,  and c )  the  convective ve loc i ty ,  

espec ia l ly  a s  a funct ion of time. Similar ly,  the second objec t ive  

of the  experimental program could bes t  be met by continuous observa- 

t i o n  of the convection pa t t e rn  around a growing c rys t a l .  These 

requirements suggested time lapse  sch l ie ren  photography a s  the  tech- 

nique of choice. Therefore most of our a c t i v i t i e s  t o  d a t a  have been 

conc~rned  with the  assembly, t e s t i n g  and refinement of a 4-inch concave- 

mirror ~ G p l e r  sch l ie ren  apparatus with at tached t ine- lapse movie camera. 

The ~ b ; p l e r  sch l ie ren  method provides an image i n  which the  

brightness a t  each po in t  corxesponds t o  t he  xagnitude and s ign  of the 

horizontal  (or  v e r t i c a l )  component of t h e  index-of-refraction gradient .  

The apparatus is shown schematically i n  Figure 41. Light from a poin t  

source (A) i s  co l lec ted  by a l ens  (B) and formed i n t o  a p a r a l l e l  col- 

limated beam which passes through the sample c e l l  (C) and through a 

second l ens  (D) which refocuses the  undeviated l i g h t  a t  po in t  E. Here 

a knife  edge cu t s  of f  p a r t  of the focused beam, thereby uniformly 
I 

dimming the  background of the image. Horizontal r e f r ac t ion  gradien ts  

deviate  the  l i g h t  to t h e  l e f t  or  r i g h t  of t he  main f o c a l  point .  

Accordingly, these p a r t s  of the image appear e i t h e r  darker o r  l i g h t e r  

than the background. Thus, r i s i n g  convection columns of lower densi ty  



B C D  

a 

Figure 41. Diagram of ~ G ~ l e r  schl ieren apparatus. 

Figure 42. Sketch of mirror schl ieren apparatus used a t  USC. 



(and hence l e s s  ref rac t ive)  f lu id  are  revealed on the schlieren image 

by an apparent (but deceptive) three-dimensional r e l i e f .  So it is 

seen tha t ,  i n  addition t o  providing a semiquantitative measurement of 

dn/dx, the schlieren technique is a lso  a means of flow visual iza t ion  

and can be used t o  measure eddy ve loc i t i e s  and similar  phenomena. 

However, it does not provide any measurement of flow veloci ty,  although 

it is f a i r l y  easy t o  incorporate a flow marking device in to  a schlieren 

apparatus. Moreover, a gr id  of opaque l i n e s  o r  dots may be introduced 

between B and C; the  deviations of these g r i d  points  on the schlieren 

image may be used t o  provide an addit ional  measurement of the index- 

ofcre9raction gradient. Final?y,  with the knife edge removed al together ,  

a sharp s i lhouet te  image resu l t s ;  t h i s  "shadowgraph" mode is very useful  

for  measuring changes of s i z e  i n  tho sphere o r  c rys ta l .  

In  pract ice,  i n  order t o  minimize chromatic and spherical  

aberation, concave mirrors a re  often used i n  place of lenses. A typica l  

configuration of &his type is shqwn i n  Figures 42 and 43. Ideal ly,  t o  

avoid astigmatism, B and D eb,ould be off-axis parabolic mirrors; these 

a r e  unfortunately prohibi t ively expensive. The experiments described 

below were performed with an inexpensive ( 5  $100) p a i r  of 4-inch 

diameter 36-inch foca l  length telescope mirrors whose pr inc ipal  v i r tue  

was t h e i r  ava i l ab i l i ty ,  

The point  l i g h t  source (A) is a Sylvania concentrated-arc lamp 

(Model C-10) i n  which a t iny  (0,4 m mean diameter) b r i l l i a n t  (47 

candles/m) a rc  i s  maintained between a pointed rod and a concentric 



,, A 

LAYP 

Figure 43 .  Alternative schlieren system using mirrors 



r ing of sheet  zirconium. Although the a rc  can : theory wander around 

the  c i r c l e  between the point and the r ing ,  t h i s  has thus f a r  caused 

no apparent d i f f i cu l ty .  In  a l l  the c rys ta l l i za t ion  experiments per- 

formed thus f a r ,  the  lamp was used a s  the l i g h t  source without any 

collimation or  s p a t i a l  f i l t e r i n g .  

The chief disadvantage of t h i s  apparatus, a s  or ig inal ly  con- 

s tructed,  was i t s  poor image resolution which, i n  the  shadowgraph mode 

(with the  knife edge removed) was no be t t e r  than 0.5 nun; i n  the  

schlieren mode, it was somewhat worse (Figure 4.1) . On the assumption 

t h a t  t h i s  was probably due t o  s t r ay  l i g h t  from the arc lamp, a collimator 

was constructed whereby the a r c  image was projected, by means of two 2" 

diameter 8" focal  length achromatic lenses,  onto a pinhole positioned 

a t  point  A. Using a homemade 0.6 m diameter pinhole, the resolut ion 

was grea t ly  improved (Figure 45) di thout  subs tant ia l  los s  of image 

brightness. Although now adequate *?r our present needs, the  . A- 

t ion can presumably be improved fu r the r  by using an even smal;.er pinhole. 

iucrangements have a l s o  been made t o  pe r fom some experiments using a 

focused l a s e r  i n  place of an a r c  lamp; t h i s  w i l l  involve the  use of a 

4" achrmat ic  lens schlieren apparatus ~ h i c h  is  now being constructed. 

Another serious problem has been op t i ca l  d i s to r t ion  from the 

solution ce l l s .  The plexiglas c e l l s  used i n  tkie previous experiments 

were sham t o  have numerous schliexen s t r i a e  due t o  minute index-of- 

refract ion var ia t ions  i n  the superf ic ia l ly  perfect  plexiglas sheets  

used fo r  the i r  construction. Moreover, when these c e l l s  were f i l l e d  

with solut ion and inser ted  i n t o  the schlieren system, they sh i f t ed  





the  focal  point,  indicat ing t h a t  the c e l l  windows had a lens-like 

d is tor t ion .  

Two sources of "schlieren free" p l a t e  g lass  were located and 

a l l -g lass  c e l l s  were constructed by joining edge-ground g l a s s  p l a t e s  

with epoxy cement. These cells, when inser ted  i n t o  the schlieren 

system, still show a few isola ted  schlieren s t r i a e  (presumably due t o  

compositional inhomcyeneities) but  are adequate f o r  present  use. 

Moreover, they cause no s h i f t  i n  the focal  point  of the  system. 

Inquir ies  of vendors indicate t h a t  completely schlieren-free c e l l s  

would cos t  severa l  hundred d o l l a r s  apiece, s o  t h a t  no fur ther  pro- 

curement is contemplated during the present  contract.  The epoxy 

cement used (Devcon "Two TonH), although ra ted  b e s t  f o r  adhesion t o  

g lass  , was slowly attacked and destroyed by the  thymol/ 

diethyl  carbonate solutions. A s e r i e s  of t r i a l  experiments, using 

glued microscope s l i d e s  soaked f o r  days i n  various solvents,  showed 

t h a t  Dow Corning Sil icone Adhesive is the  most adhesive and s t a b l e  

cenent f o r  our yurpose. 

~ h r e e  modes of photographic da ta  recording have been used 

(Figure 46) : 

a )  Ordinary ( lens focused) photography outside of o r  trans- 

verso t o  the schlieren apparatus (e.g., through the s ide  walls of 
I 

the solution c e l l s ) .  Various Polaroid o r  35 mm cameras a re  avai lable  

f o r  t h i s  purpose. Our Bolex time-lapse movie camera has not  s o  f a r  

been used f o r  t h i s  purpose. 



Figure 46. Modes of photwraphy used w i t h  schlieren apparatus. 



b) Schlieren and/or shadowgraph images can be taken with 

a lensless  camera a t  any point beyond E. Since the magnification 

is a function of distance (M = (E-F)"/36"), a moveable track has 

been constructed so tha t  e i ther  overall views o r  closeups can be 

photographed. Two camera backs, a 35 am Minoleta ST-102 (chosen for  

its ab i l i t y  t o  take precisely registered double exposures) and a 

Bolex 16 nun movie camera with automatic time-lapse, are inter-  

changeable i n  t h i s  position. 

c) Shadowgraphs a t  1:l magnification can be taken by in- 

sert ing a camera back between C and D. Plans are now underway 

t o  record the dissolution of polycrystalline spheres using the 35 nun 

camera back i n  t h i s  mode while (between still photographs) the 

movie camera is  used i n  mode b). 

Other, non-photographic techniques are also available. For 

example, a strain-gauge microbalance is available fo r  continuously 

recording the weight of the growing or dissolving crysta l  o r  sphere. 

This apparatus may be used i n  experiments on normal systems, such as  

KBr/water, but it is of very l i t t l e  value with LGS systems, i n  which 

the imaersed crysta ls  are practically weightless due t o  buoyancy. 



F. Experimental Results 

Thus far, our principal concern has been with tasks (1) and 

(2) , i.e., searching for and evaluating candidate LGS systems and 

developing necessary apparatus and techniques. Therefore, growth and 

dissolution experiments were performed primarily to test solution 

systems or apparatus rather than to obtain interpretable data. None- 

theless, preliminary experiments, which are summarized in Table VI, 

have yielded interesting results. 

Dissolution of NHqCl Spheres: At the beginning of the pro- 

gram, it was observed that a polycrystalline NH C1 sphere, immersed 
4 

in pure water, dissolved rapidly while the spherical form changed to 

a vertically elongated "nose cone" shape (Figure 47). Later photo- 

graphs taken during the dissolution of an NH4C1 sphere in a 90% 

saturated aqueous solution showed that the sphere gradually changed 

to a vertically elongated spheroid with an equatorial ridge (Figure 

48). (The flat bottom is assumed to be due to the breaking away of 

a cracked portion of the sphere.) This observation is qualitatively 

consistent with theoretical expectations based on the assumption of 

downward flow, since the top and bottom of the sphere would be 

stagnation points while the maxima irt both flow velocity and concen- 

tration gradient wouid be in the upper quadrant. We plan to repeat 

these experiments over a wide range of Grashof numbers with simul- 

taneous photographs of profile and schlieren. 

Dissolution and Growth of KBr: In experiment 40331A, a solu- 

tion of KBr in water was saturated at 30°c, poured into a heated 
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Figure 47. Successive stages o f  d isso lut ion  o f  NH4Cl sphere 
i n  water. (Experiment 40102) 

Figure 48. Succeosive stages o f  d isso lut ion  o f  NH C1 
sphere i n  90% solution. (Experiment 46312) 
From putside in ,  0 mint 10 mint 50 mint 240 
mint 270 min. 



0 
solution ce l l ,  and cooled t o  room temperature (20 C ) ,  thereby pro- 

ducing a supersaturation of about 8%. Rapid skeletal growth was 

observed a t  the corners of a seed crystal  cube. Abundant nuclei 

were formed on the ce l l  walls and on the cleaved crystal surface. 

Well-defined laminar schlieren were observed arouqd and above the 

seed crystal. The rate  of upward convection of the plume was 

estimated a t  1 t o  2 mn\/sec. After 2 hours, the bottom of the ce l l  

was f i l l ed  with tiny acicular crystals and the original crystal 

surface was overgrown w i t h  needles and/or dendrites a t  i t s  edges and 

corners. In a l a t e r  experiment (40513A), a solution was saturated 

0 
a t  about 4 above room temperature, heated t o  destroy stray nuclei, 

and allowed to  cool slowly. A cleaved KBr  seed was inserted about 

above room temperature and observed t o  dissolve rather rapidly so that  

the crystal became asymmetrically wedge shaped (the top being slightly 

thinner than the bottom, as would be expected). The crystal  was re- 

moved and reimmersed when the solution wsa 2O cooler. Schlieren 

observation then showed that there was almost no convection around 

the crystal except for s l ight  slowly moving oblique schlieren, pre- 

sumably due to  thermal gradients. A s  the solution cooled further, 

upward convection rapidly developed which, although apparently uniform, 

became violently unstable for several seconds whenever the system was 

disturbed (e.g., by a knock on the supporting table) or the crystal 

displaced. Another experiment (40515), in  which a single-crystal KBr 

cylinder was immersed.in a 98% saturated solution, showed an apparently 

uniform downward flow with plume velocities of about 5 t o  10 mm per 

second, with similarly violent instabi l i t ies  whenever the support table 



was tapped with a f inger (Figure 49). S l igh t  flow i r r e g u l a r i t i e s  

were observed t o  occur occasionally even under apparently vibration- 

f r ee  conditions (Figure 50). During these experiments some s l i g h t  

residual  turbulent  convection, apparently due t o  the  rec i rcula t ion  of 

the main convection current  a f t e r  it encountered the  c e l l  walls,  was 

a l s o  noted but  it was f a r  weaker than the  primary current  around the 

c rys ta l  . 

Thymol/Diethyl Carbonate System: I n  our f i r s t  experiment 

(40331B), a solut ion of thymol i n  d ie thyl  carbonate was equil ibrated 

f o r  3 days a t  30°c, poured i n t o  a preheated g lass  c e l l ,  and allowed t o  

cool so. Inser t ion  of a 1 cm thymol c rys ta l  i n i t i a t e d  profuse quasi- 

dendr i t ic  (i.e., bladed) growth, both on the  seed c rys ta l  and through- 

out  the  solution. After 30 minutes of growth, during which a poly- 

c rys ta l l ine  c lus te r  had formed around the  seed c rys ta l ,  a s ta t ionary  

v e r t i c a l  convection column was observed extending upward from the 

c lus ter .  This schlieren pat tern  did not appear t o  change during 5 

minutes of continuous observation. 

After a day of growth, during which a l l  spontaneously i n i t i a t e d  

c rys ta l s  had slowly s e t t l e d  t o  the  bottom of the  c e l l ,  it was noted 

t h a t  the  l a t e r  s tages of c rys ta l l i za t ion  (i.e., a t  lower supersatura- 

t ion)  had produced transparent euhedral c rys ta ls .  A dissec t ion  of the  

c l u s t e r  s imi lar ly  disclosed a core of r ad ia l  blades and an outer  region 

of transparent euhedral crystals .  

A subsequent experiment (40513P) under s imi lar  conditions was 

monitored overnight by time-lapse cinematography. The next morning a 



Figure 49, Flow about KBr, prkurbed by a tap on the 
containex. Frames from movie taken at one 
frame per second, s' l s t ing  at upper left. 
(Experiment 405153 



Figure 50. frxegular flow &out dfsisolving K&r cry~tal in the 
absence of deliberate perturbations. Frame@ taken 
1 second apart. 



l a rge  rad ia t ing  dendr i t ic  c l u s t e r  was found i n  the c e l l .  Unfor- 

tunately,  most of t he  movie was badly overexposed, due t o  a shut te r  

f a i l u r e  . 
These experiments convinced us t h a t  our so lu t ions  had too high 

a supersaturat ion and t h a t  our equ i l i b ra t ion  proced-~res  weri ir- 

adequate. We then rea l ized  the  need f o r  continuous s t i r r i n g  during 

equi l ibra t ion  and modified our procedures, a s  was described i n  Sect ion 

C. Subsequent experiments showed t h a t  c l e a r  euhedral thymol c r y s t a l s  

could be grown a t  r a t e s  of severa l  mil l imeters  per  day from so lu t ions  

0 
cooled 2' o r  3 below t h e i r  sa tura t ion  point .  

The convection pa t t e rn  during slow growth o r  d i sso lu t ion  is 

qu i t e  remarkable and i s  very d i f f e r e n t  from the  t h e o r e t i c a l  p red ic t ions  

i n  Section 111. For example, immersion of a po lycrys ta l l ine  thymol 

sphere i n t o  a 98% saturated so lu t ion  (experiment 40514A) caused a 

downward laminar plume t o  flow a t  a r a t e  of about 0.3 mm/sec (Figure 

51). This convection stream was unaffected by disturbance of t h e  c e l l  

o r  support t ab le .  Even displacement of t he  c r y s t a l  merely caused a 

smooth curvature of the convection stream. What i s  most remarkable, 

however, is  t h a t  t h i s  convection stream remained coherent and sharply 

defined even a f t e r  it encountered the  c e l l  wal l  which def lec ted  it 

upward. The ul t imate e f f e c t ,  a tangle  of twisted sch l i e r en ,  is  

reminiscent of the  evolution of a pyrotechnic "snake" (Figure 52).  

G.  Conclusions and Future Plans 

From t h e  foregoing experiments it appears t h a t  the apparatus 

and techniques   eloped thus f a r ,  although capable of considerable 
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~igure 51. pi- f ~ m  t h y m ~ a  d i l ~ l i ~ i l t g  in diethy1 --ate 
shortly after Initiation of diarolution (experiment 
40514). 5 sacand8 between frames. 



Piguxe 52. Meandering plume from thymol dissolving as ethyl 
carbonate eweral hours after initiation of dks- 
8oluUon. tExperimeat 40514,) 5 seconds between 
frames. 



fur ther  improvement, a re  a t  present adequate f o r  the observation of 

a grea t  deal  of in te res t ing  phenomena. Therefore, during the  next 

s i x  months we plan t o  give primary a t tent ion  t o  the performance of 

experiments and carry out  only those apparatus improvements which 

are readily feas ib le  o r  par t icular ly  needed, such as  improved shadow- 

graph resolution and cell-temperature control.  

It  a lso  appears t h a t  the  thymol/diethyl carbonate system has 

been shown t o  c rys ta l l i ze  a t  low Grashof numbers and t ha t ,  a t  l e a s t  

a t  reasonably low growth r a t e ,  heat e f fec t s  a re  not important. This 

' i s  perhaps suff icier . t ly demonstrated by comparing the  dissolut ion of 

a KBr cylinder i n  98% saturated aqueous solut ion with the  d issolu t ion  

of a thymol s ~ ~ h e r e  i n  98% saturated d ie thyl  carbonate solution. As 

Table VI shows, the  convective veloci ty var ies  ap2roxirnately a s  the  

1/4 power of the Grashof number. Therefore, it seems safe  t o  assume 

tha t  a t  constant gravity and acceleration, the  thymol/diethyl carbonate 

system is  a va l id  model a t  1 g fo r  the c rys ta l l i za t i an  of  ordinary 
e 

-,I 
solution systems i n  f i e lds  of -10 

Qe* 

There is  a discrepancy between the  vortex-like c e l l  arid the 

convection pat tern  predicted i n  Section I11 and the  experimentally 

observed plume "snake". The resolut ion of t h i s  discrepancy w i l l  be 

one of the primary goals during subsequent months. A t  present,  we 
I 

tend t o  regard the reluctance of the  convective s t r i a e  t o  mix with 

the bulk solution and the  re-emergence of these s t r i a e ,  4eflected by the 

c e l l  walls, i n to  the region of c rys ta l l i za t ion ,  a s  s igni f icant  warnings 

of problems tha t  w i l l  be encountered during c rys ta l l i za t ion  in  space. 

For t h i s  reason, we % Aieve tha t  the present program should eventually 



give considerable a t tent ion  t o  the theore t ica l  analysis  and exper- 

imental simulation of low-gravity c rys ta l l i za t ion  with forced con- 

vection. 

The above experiments a l s o  demonstrate tha t  our "low- 

gravity-simulation" systems, which might more properly be ca l led  

nacceleration-insensitive" systems, cannot eas i ly  be used fo r  pre- 

d ic t ing  the e f f e c t  of accelerat ional  t rans ients  on c rys ta l l i za t ion  

i n  a spacecraft environment. However, the  convective chaos effected 

by accelerat ional  t rans ients  on ordinary systems, such a s  KBr/water, 

has been shown t o  be so spectacular t h a t  it cer ta in ly  meri ts  fu r the r  

study. 

Final ly,  successful as  the  thymol/diethyl carbonate system 

appears t o  be, it seems necessary t o  keep searching f o r  new systems-- 

not only because of the po ten t i a l  tox ic i ty  of the present  system, 

but  a l so  to  demonstrate t h a t  the  e f fec t s  observed are not peculiar  t o  

one system, bu t  a r e  cha rac te r i s t i c  of any system c rys ta l l i z ing  a t  a 

low Grashof number. 



V. FUTURE PLANS 

The low g rav i ty  simulation experiments w i l l  be  continued a s  

out l ined  i n  Sect ion IV. The e f f o r t  up u n t i l  now has concentrated 

pr imari ly  on experimental methods and techniques. I n  t he  fu tu re  

emphasis w i l l  s h i f t  more t o  ac tua l  growth and d i s so lu t ion  experiments. 

Flow phenomena and its inf luence on c r y s t a l  growth w i l l  be studied. 

I f  add i t i ona l  funding is forthcaming. a v a r i e t y  of t heo re t i ca l  

ca lcu la t ions  can be performed. Some p o s s i b i l i t i e s  r e l a t e d  t o  sur face  

driven flow are:  

1. Extension of previous work on f l o a t i n g  zone melting t o  

o ther  values of t he  parameters, i .e. ,  higher Pr and Sc, higher 

surface tension dr iv ing  forces ,  d i f f e r e n t  equilibrium d i s t r i b u t i o n  

coe f f i c i en t s ,  e t c .  

2. Transient  ana lys is  of  f l o a t i n g  zone melting of high Prandt l  

number mater ial  with r ad i an t  heat ing,  f o r  which o s c i l l a t o r y  convection 

is expected. 

3. Determination of shape of f l oa t ing  zone due t o  a surface 

tension gradien t  i n  zero g. 

4. Surface dr iven flow and melt  shape i n  the gradien t  f reeze  

method with a f r e e  melt  surface,  a s  observed i n  s eve ra l  Skylab experi- 

ments, b u t  not  y e t  explained o r  understood. 

A t  bes t ,  only two of  these  t a s k s  could be expected t o  be completed i n  

one year by an experienced Ph.D. research a s s i s t a n t .  

Possible  fu tu re  ca l cu la t ions  f o r  f r e e  convection about a sus- 

pended ob jec t  might inves t iga te :  



1. The inf luence of t he  s i z e  of the  cry-:tal gorwth container .  

2. Influence of G r  and Sc. 

3. Influence of f i n i t e  s o l u b i l i t y  (changing diameter of s p b ~  J .  

4. Other geometries, such a s  cy l inder  o r  cube. 

5. Perturbat ions of a steady s t a t e  by g f luc tua t ions .  

A graduate s tudent  research a s s i s t a n t  could be  expected t o  complete two 

of these  i n  a one-year period. 
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APPENDIX A 

ANALYSIS OF SURFACE DRIVEN FLOW I N  
FLOATING ZONE MELTING 

(Chong E. Chang) 

The def in i t ions  of symbols and the  assumptions were given i n  

Section 11. The coordinate system and geometry f o r  f loa t ing  zone 

melting were sham i n  Figure 1. Following are  the  f l u i d  flow, heat  

t ransfer ,  and mass t r ans fe r  equations used i n  the  analyses (A-1, 

A-2, A-3) . 

A. Dimensional Equations 

(1) Continuity Equation 

A t  constant me:t density, conservation of mass requires 

t h a t  

where vr is the  rad ia l  veloci ty and vZ is the  ax ia l  veloci ty a t  r and z. 

(2) Momentum Equations 

Force balances y ie ld  the Navier-Stokes equations f o r  a 

Newtonian f lu id  : 



where t h e  t o t a l  pressure P may be decomposed i n t o  a hydros ta t ic  po r ' l on  

p, and a dynamic port ion p, represent ing the  change i n  l o c a l  pressure 

due t o  t h e  convection. Thus w e  def ine  

P E P  + p  
0 

where 

Po pfg(ll-z) , 

and 

The boundary condit ions f o r  t he  flow f i e l d  are: 

. , av r c )  A t  2 = 0 v P - =  a z  0 (only f o r  vc = 0 

e) A t  r = a v = 0 and r 

where p is  the  dens i ty  of t h e  l i qu id ,  pc is  the  dens i ty  of  the s o l i d ,  

pf is  the  dens i ty  of the l i q u i d  a t  the melting po in t ,  P is the  



viscosity, g is the acceleration f ie ld  opposito t o  the z-axis, II is 

one half of the zone length, a is the radius of the zone, T i s  the 

temperature, Tm is the melting point, 6 is  the thermal densification 

coefficient, v is the zone travel rate,  y is  the surface tensior., and 
C 

u f a ~ / a ~  is  the temperature dependence of the surface tension. 

Boundary conditions (a) and (b) a r i se  from the zone motion, (c) and 

(d) from symmetry, (e) f ron con£ inement of flow t o  the zone. Bat-ndary 

condition (el resul ts  from equating the surface tension gradient force 

t o  the viscous force a t  the melt surface. 

(3 )  Heat Transfer Equations 

A heat balance over a d i f fe ren t ia l  element yields for  

constant properties: 

The boundary conditions fo r  heat transfer arer 

e A t  z = -1 , T = Tm or  

f )  A t x - 0 ,  = 0 (only for  v - 0) 
C 



where Tc is the  temperature of the  surroundings, Tm is  the  melting point ,  

To i s  the  temperature of l i n e  heat  source a t  the  periphery of the  center 

of the zone, c is the  heat  capacity of the  melt, k is  its thermal con- 
P 

ductivi ty,  U is  the  Stefan-Boltmann constant,  and ES i s  the emissivity 

of the  melt. Boundary conditions (a) and ( f )  a r i s e  from symmetry, (b) 

by equating condition t o  the  melt surface t o  radia t ion  in to  the  sur- 

roundings, and (c) , (d) and (e) by def in i t ion .  

When the  so l id  phase was included i n  the  heat  t ransfer  analysis ,  

the  following a l t e rna t ive  boundary conditions were used instead of the  

boundary condition 10 d) . Radiation, insulat ion,  and i n f i n i t e l y  rapid 

heat  t r ans fe r  t o  the  surroundings a t  the  top of the so l id  were a l l  con- 

sidered. The boundary conditions f o r  these p o s s i b i l i t i e s  are: 

4 4 
d l )  ~t z = b , - k = oe (T -T ) f o r  radia t ion  

S C 

a T - =  0 f o r  insula t ion  a z 

T = T f o r  i n f i n i t e  heat  
C t ransfer  coeff ic ient  I 

where b is the  distance from the  center  of the  zone t o  the  end of the  

so l id  rod. 

(4) Mass Transfer 

An impurity balance over a d i f f e r e n t i a l  element yields:  

Boundary conditions f o r  mass t r ans fe r  in the  mass-centered 

reference system are  depicted i n  Figure A-1, and are  as follows (A-4) 



Figure A-1. The geometry of the liquid zone and the mass 
transfer fluxes a t  the liquid/solid interfaces 
for zone travel rate vc. 



where m i s  the  mass concentration of impurity, D is  the binary molecular 

diffusion coeff i c i s n t ,  mcb is  the impurity concentration i n  the  c rys ta l ,  

m is  the impurity concentration i n  the  feed ingot (assumed constant) ,  c t  

m is the  impurity concentration i n  the melt a t  the  growing in te r -  
i , b  

face,  m is  the impurity concentration i n  the  melt a t  t h e  melting 
i 1 t 

in ter face ,  and v ( p  /pf) is the  mass veloci ty i n  the melt due t o  the 
C C 

movement of the  zone a t  r a t e  v . Boundary condition (a) comes from 
C 

- .  

symmetry, (b) comes from the prohibi t ion on t ransfer  through the  melt 

surface, and (c) and (d) represent material  balances a t  the  interfaces.  

B. Dimensionless Equations 

For convenience i n  solving the problem, equations were res ta ted  

i n  the following dimensionlt.as Corms : 

(1) Dimensionless Continuity- 

where 

and v - p/p i e  the kinematic viscosi ty.  



(?) Dimensionless Momentum Equation 

The dimensionless boundary conditions for flow are: 

av 
c) ~ t z - 0 ,  vZ = 0 (only for vCf = 0) 

where 

1 is the dimensionless mass velocity in the malt due to moveanent of the 

zone, 



is the dimensionless surface tension driving force parameter, and 

The pressure terms in the momentum equations are eliminated 

by differentiating Equation (A-14) with respect to  2 and Equation {A-15) 

with respect t o  R, and subtracting t o  obtain 

where 
avr ' av, 

W E a r r a R  

is  the dimensionless vorticity,  

is the Grashof number for temperature variations, 

i e  the Grashnf numbor for  composition variations, and 

, is a dimenaionless composition, a = (ap/am)/p is  the concentration 

densification coefficient, and m is the impurity concrntration the feed 
t 

solid would have i f  it had the same density as the melt. 



a e a c 
The der iva t ion  of t he  terms, Grh= and G r  m - a~ i n  t h e  

momentum equation (A-20) is a s  follows: 

4 2 The term - ( a  /V p) (aP/aR) i n  Equation (Z-14) is d i f f e r e n t i a t e d  

4 2 ) i n  Equation (A-15) i- d i f -  with respect  t o  Z, and - ( a  /V (g + - - 
P a~ 

f e r en t i a t ed  with respec t  t o  R. Then, subt rac t ing  them by us i .~g  

Equations (A-4) through (A-7) we obtain : 

a c The term G r  - is generated by the  same procedure by taking the  
m a R  

densi ty  chanue due t o  concentration gradien t  i n t o  account. 
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The dimensionless momentum equation may a l t e r n a t i v e l y  be de- 

f ined  by a stream funct ion $ such t h a t  cont inui ty  is  automatically 

s a t i s f i e d  from t h e  following re la t ionships :  

From Eqs . (A-25) through (A-27), the momentum equation (A-20) is 

expressed by a s i n g l e  dependent var iab le  J, as follows: 

The boundary condit ions a r e  a l s o  transformed i n  terms of the 

stream function. Since t h e  stream funct ion along the  a x i s  is a 

constant ,  it may be taken a s  zero f o r  s impl i f ica t ion .  On the  bas i s  



of this, the boundary c .ditions are 

c) ~ t z = O ,  J I = ~ = O  a$ (for vcf = 0 )  

(3)  Dimensionless Heat Transfer Equations 

By introducing the previously defined dimensionless 

length and velocity parameters for r, z ,  v z and vr into Equation (A-9) 

we obtain 

where Pr = C p/k is the Prandtl number and 
P 
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The dimcnsionless  boundary cond i t ions  f o r  energy t r a n s f e r  are: 

R E l ,  T -T 
8 = 3 ( l i n e  h e a t  source  a t  To) 

Z P 0 ,  
AT 

e) ~t z = -a/a , 0 = 0 , or 

f )  A t Z S O ,  - =  o (only f o r  vcf = 0) az 

f o r  r a d i a t i o n  

= o f o r  i n s u l a t i o n  az 

0 = 0 f o r  i n f i n i t e  h e a t  t r a n s f e r  
C 

c o e f f i c i e n t  J 
where AT is e i t h e r  (T -T ) i f  0 is def ined  by Equation ( A - 1 3 ) ,  o r  o m 

(Tm-Tc) i f  0 is def ined  by Equation (A-31) , and ec[= (Tc-T,) /AT] is 

t h e  dimensionless  temperature o f  t h e  surroundings.  

(4 )  Dimensionless Mass T r a n s f e r  Equat ions  

The fol lowing dimensionless  impuri ty  concen t ra t ion  

parameter C was employed w i t h  t h e  p rev ious ly  de f ined  l e n g t h  and 



ve loc i ty  parameters f o r  r ,  z ,  v , and v t o  transform Equscion (A-11) 
r z 

t o  

where Sc = v/D is the  Schmidt number. 

The dimensionless boundary condit ions f o r  mass t r a n s f e r  are 

where C (= m /m ) is the  dimensionless impurity concentration i n  t he  
c t  c t  t 

feed  c r y s t a l ,  subscr ip t  i denotes a Z g r i d  po in t  and Vc (= vca/V) is the  

dimensionless zone t r a v e l  r a t e .  The boundary condit ions (A-35) (c) and 

(d) r e s u l t  from taking t h e  f i n i t e  d i f fe rence  equation form of t h e  



boundary conditions (A-12) (c) and (d) , and expressing the  impurity 

concentration i n  the  c r y s t a l  i n  te rns  of the  equilibrium d i s t r ibu t ion  

coeff ic ient  ko and the  i n t e r f a c i a l  concentrations. 

C. Computation 

One of the typ ica l  numerical procedures f o r  calculat ing the  

stream function i n  an enclosed f l u i d  is t o  solve f o r  the  v o r t i c i t y  

function, and then f ind  the  stream function from v o r t i c i t y  by 

employing a successive i t e r a t i o n  method (A-5, A-6, A-7) . Rather than 

finding the  stream function v i a  the  v o r t i c i t y  equation, a s ingle  

s t ep  is  necessary t o  compute the  stream function when Equation (A-28) 

is  used. It is obvious t h a t  t h i s  procedure introduces equal o r  less 

computation e r r o r s  thhn the  former method since t h e  e r r o r s  caused 

i n  the process of computing the  stream function v i a  v o r t i c i t y  a r e  

en t i r e ly  eliminated by using a s ingle  s t ep  computation. 

An approximate solut ion is obtained a t  a f i n i t e  number of 

equidistant  g r id  points  having coordinates Z = ( i - 1 )AZ  and 

R = ( J - ~ ) A R ,  where i and j are integers.  The parabolic f i n i t e  d i f -  

ference equation was employed f o r  Equation (A-28). The resu l t an t  

computation molecule is  shown i n  Figure A-2, i n  which twelve current  

values a t  the nearest  neighboring g r i d  p i n t s  a re  required fo r  an 

e x p l i c i t  computation of the  new stream function. Computations of the  

stream function a t  the  g r id  points  next t o  the  l iquid/sol id boundaries 

and t o  the axis  are possible due t o  the symmetry condition of the  

stream function a t  those boundaries. The s t r een  functions a t  the 



Figure A-2. The f in i t e  difference grid system and the 
computational molecules [ (I) for stream 
function, (11) for temperature and con- 
centration] used i n  the numerical calcula- 
tions. 



i n t e r i o r  g r id  points  next t o  the f r e e  l iqu id  surface a r e  calculated 

by the interpolat ion method, s ince the stream function a t  the f r e e  

l iquid  surface is readily calculable using Equation (A-29) (dl.  The 

Gauss-Seidel i t e ra t ion  method (A-12) was employed f o r  computer calcu- 

la t ion .  For M' < 350 we obtained convergent solut ions when 11 x 11 

gr id  points  were used. However, an increased number of g r id  p i n t s  

were necessary f o r  convergence with higher values of M ' ,  a s  shown i n  

Table I. 

The dimensionless v o r t i c i t i e s  and ve loc i t i e s  i n  the melt were 

computed by the  f i n i t e  difference equations derived from Equation 

(A-25) through (A-27). The calculated flow ve loc i t i e s  were u t i l i z e d  

f o r  computations of the temperature and impurity concentration f i e lds .  

The same computational scheme was employed f o r  the analysis  of heat  and 

mass t ransfer .  The f i n i t e  difference of Equation (A-30) f o r  heat  

t ransfer ,  and of Equation (A-33) f o r  mass t r ans fe r  resulted i n  the  cam- 

putation molecule a s  shown i n  Figure A-2. The Newton-Raphson method 

(A-9) was used t o  i t e r a t i v e l y  solve f o r  the  t.emperatures a t  the surfaces 

because of the  non-linearity of the  thermal radiat ion boundary conditions, 

Equations (A-32) (b) and (dl ) . A rapidly converging solut ion fo r  heat  

t ransfer  was at tained by using an overrblaxation parameter of 1.9 when 

the  Prandtl number was low (metals). In heat  t r ans fe r  analyses w i t h  

high Prandtl numbers o r  i n  mass t ransfer  analyses f o r  high Schmidt 

number l iquids  (including s i l i c o n ) ,  introduction of the overrelaxation 

parameter impaired the  convergence had t o  be employed i n  order t o  

obtain a convergent solut ion,  a t  the expense of an increased number of 

i te ra t ions .  



APPENDIX 8 

ANALYSIS OF FREE CONVECTION 
ABOUT A SPHERE 

(Chong K. Kim) 

A. Dimensionless Equations 

The symbols were defined in Section 111. Figure B-1 shows the 

spherical coordinate system used for this problem along with its 

z 

X Figure B-1. Coordinate System and Direction 
of Gravity . . 



Figure B-2. Vector Analysis 
of Gravity on 
Sphere 

or ienta t ion  r e l a t i v e  t o  the  

accelerat ional  vector. 

Figure B-2 shows t h a t  the 

accelerat ion body force g 

may be decomposed i n t o  two 

compcnenta, gr = -g cos 8 

and go = g s i n  8. 

The pressure i n  the 

momentum equation can be 

wri t ten as  the sum of the 

pressure p' due t o  the f l u i d  

motion and t h a t  due t o  the  

f l u i d  densi ty f a r  from the  

sphere p-, so  t h a t  



and 

= -g p, cos 0 + X ar 

2L % gop, + ,as 

- g p, sin 8 + *! ra0 

The - following dimensionless variables were employed: 

Finally, in terms of dimensionless variables the differential 

equations are: 

(b) Momentum; 

au au .vau v' Gr ~ + u ~ + ~ - ~ " - -  
8 

t$ cos 0 

av a v + x z  w Gr - + u -  a~ + - = - - 4  sin 0 
a R  R ae R 8 



Ic) Mass Transfer; 

In order t o  solve the equations above we must know the appro- 

p r i a t e  boundary conditions. I n i t i a l l y  we have a completely stat ionary 

and homogeneous system. A t  the  surface of the  sphere W = Wo, Along 

the Z-axis (8 = O , T ) ,  symmetry requires t h a t  the  gradient  of  r a d i a l  

veloci ty and of concentration with respect  t o  0 a re  zero. In  mathe- 

matical form 

i) a t ~ = O ,  

4 = 0  , U = O ,  v - 0  I 

iv) a t  0 = o and n I 



8. Method o f  Solut ion 

I n  order  t o  e l iminate  the  hydrodynamic pressure g rad i en t s ,  

ap 
aR 

from the  momentum equations,  they were d i f f e r e n t i a t e d  with - and - - 
R a e  ' 

r e spec t  t o  0 and R and subt rac ted  from one another.  

We de f ine  t he  stream func t ion  $ and v o r t i c i t y  w by 

U m -  v = -1 2 
R s i n  8 i3R 

Since the  changes i n  ve loc i ty  and composition are expected t o  occur mainly 

near t h e  sphere,  we s u b s t i t u t e  2 = an R s o  t h a t  t he  p e r t i n e n t  equations 

become : 

Mass : 
22 .-22 a ( e  ub)  + 1 (V4 s i n  0) 
az s i n  e a 0 I 

-2z & + a, + & -.-I 
ae2 

+ c o t  0 ,, sc , az2 

Momentum : 



V o r t i c i t y  - Stream Function: 

Stream Function - Veloci ty :  

1 l a $  u P -- 
22 s i n  1) - 3  

e 

-1 1 a$ v..--- 
e 

22 s i n  8 32 

Boundary Condit ions:  

The v o r t i c i t i e s  a t  t h e  s o l i d - l i q u i d  i n t e r f a c e  (2 = 01 can 

be computed from a Taylor s e r i e s  expansion. Along t h e  i n t e r f a c e ,  

--2 and $ a r e  zero ,  w = - % [ I  s i n  8 ad s i n  0 aZ2 . Using a Taylor 

expansion, 

aJli m 
A t  the surf ace  2 = 0 $i,m - 0 and az 

We can d e r i v e  t h e  fol lowing equa t ion  

(B- 16) 

I n  a d d i t i o n ,  t h e  concen t ra t ion  and r a d i a l  v e l o c i t y  a t  0 = 0 and 

n are: 



The computer program used was very time-consuming because we 

used a double-stability-checking DO loop. The convergence cr i ter ion  

used were as follows: 

Max n+l n 
t j I i , j i t j I  < -4 

= 10 n Max 
i , ~  l+itj l 

Max n 
i tj lvi ,j l  
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